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L INTRODUCTION

The search for an alternative yet reliable near net-shape forming method for structural ceramics

has naturally led to superplastic forming following the discovery in 1986 of ceramic superplasticity

in zirconia. In the research supported under AFOSR Grant No. 87-0289, the first goal was to

develop a mechanistic understanding of the central microstructural requirement for facilitating

deformation and forming. The limited state-of-the-art available at the beginning of the project (3Y-

TZP and its composite with alumina was the only family of superplastic ceramics known) dictated

that a second goal was to explore other phase fields of potential new superplastic structural

ceramics. The third goal was to develop methods that would allow pressure used in superplastic

forming to suppress cavitation. The first two goals were successfully met through a combination

of experimental research and mechanical modelling. The third goal of pressure forming was not

completed in time before the termination of the project.

The research falls into the following major categories:

(a) Fundamental alloy development to define the scope and the strategy for formulating ceramic

composition, processing pathway, and microstructural development for optimal formability;

(b) Investigation of grain boundary interactions with microstructure/deformation controlling

dopants;

(c) Investigation of liquid additives and their role in deformation processes;

(d) The development of a new biaxial forming test to assess ceramic formability.

In this report, we wil1 give an account of this research by presenting the results of the major

investigations in the form of published journal papers, conference contributions, and general

reviews. The format consists of a series of short introductions, followed by the relevant

publications in that area that will furnish the mechanistic details in both modelling and experimental

observations.
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J. Am. Ceram. Soc., 73 [91 2585-2609 (1990)journal Development of Superplastic

Structural Ceramics
I-We! Chen* and Liang An Xue*

Department of Materials Science and Engineering,
University of Michigan, Ann Arbor, Michigan 48109-2136

Superplastic structural ceramics (Y-TZP, grain-boundary diffusion. However,
A1203, Si3N4, and their composites) that deformation characteristics are frequent-
can withstand biaxial stretching to large ly altered by interface reactions, second-
strains have been developed :ecently. phase hardening/softening, and dynamic
Microstructural design of these ceram- grain-growth-induced strain hardening.
Ics first requires an ultrafine grain size Ductility and formability, on the other
that Is stable against coarsening during hand, are controlled by the flow stress
sintering and deformation. A low sinter- and flaw distribution, not by deformation
ing temperature Is a necessary, but not instability as in superplastic metals. Ana-
a sufficient, condition for achieving the lytical models and empirical correlations
required microstructure. In many cases, are presented to describe various con-
the selection of an appropriate phase, stitutive relations pertaining to superplas-
such as tetragonal phase In zirconia or tic ceramics. [Key words: structural
a phase in silicon nitride, which is resis- materials, superplastics, models, grain
tant to grain growth, is crucial. The use boundaries, microstructure.]
of sintering aids and grain-growth inhi-
bitors, particularly those that segregate I. Introduction
to the grain boundaries, can be benefi- SUPERPLASTICITY is phenomerologically
cial. Second-phase particles are espe- defined as the ability of a material to ex-
cially effective in suppressing static and hibit exceptionally large tensile elongation
dynamic grain growth. Another major during stretching. 1.2 It is a property com-
concern Is to maintain an adequate monly found in many metals and alloys
grain-boundary cohesive strength, rela- when the grain size is refined below sever-
tive to the flow stress, to mitigate cavita- al micrometers and the deiormation tem-
tion or grain-boundary cracking during perature is above two-thirds of the melting
large strain deformation. Existing evi- point.2 At such small sizes micrograins can
dence suggests that a lower grain- flow, much like sand particles in a water-
boundary energy is instrumental in saturated slip, by way of atomic diffusion
achieving this objective. The selection of along grain boundaries. Models of diffu-
an appropriate p -ase and the tailoring sional creep and grain-boundary sliding,
of the grain boundary or liquid-phase which predict a nearly Newtonian flow rate
composition can sometimes drastically inversely proportional to the grain size to
alter the cavitation resistance. Related a certain power, have been advanced to
observations on forming methods, explain such a phenomenon. . 3-7 The de-
forming characteristics, and sheet forma- tails of these mechanistic models, howev-
bility are also reviewed. The basic defor- er, have received only limited experimental
mation characteristics are similar to corroboration, and the exact mechanisms
diffusional creep and are dominated Jy of superplasticity are still controversial to
R E Newnham-contributing editor this date. Despte such uncertainties, these

materials intrinsically embody a high re-
Manuscript No 197477 Received June 18, 1990, sistance to strain localization, or necking,

approved June 26, 1990 in tensile deformation because necking
Supported by U S Air Force Office of Scientific necessanly entails a higher local strain rate

Research under Grant No 87-0289, U S and thus a higher local flow stress, which
Department of Energy under Grant No DE- will be resisted by the rest of the body 3,8
FG02-87ER45302, and U S Army Research Office
under Contract No DAAL03-89-K0133 Several commercial processes in metal in-

*Member, American Ceramic Society dustries have taken advantage of these
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high ductilities to form intncate, large-scale faces is excellent. These demonstrations
components directly into their net suggest the possibility of deformation
shape.7.9.1o processing of dense ceramics at high tem-

Followirig the report in 1986 of super- peratures (using methods commonly re-
plasticity in 3Y-TZP,11 a fine-grained served for metals, plastics, and glasses).
tetragonal zirconia partially stabilized by 3 These processes could include sheet
mol% yttria, considerable research has forming, blowing, extrusion, stamping, and
been conducted to explore the generali- forging. Compared with the conventional
ty of this phenomenon in other ceramics 12  forming processes of crystalline ceramics,
Existing evidence indicates that the poly- which are conducted at low temperature
crystalline ceramics with a grain size be- before firing, these processes have the ad-
low 500 nm are potentially superplastic at vantages of greater shape flexibility and
high homologous temperatures. Single- better dimensional accuracy. The latter are
phase ceramics which have been found especially important considerations for net-
to be superplastic, i.e., which exhibit large shape forming.9

ductility in uniaxial or biaxial stretching, in- This paper describes various materials
clude Y-TZP,11 alumina,13 and hydroxy- considerations which have guided the de-
apatite.14 Polyphase ceramics which have velopment of superplastic structural ce-
been found to be superplastic include zir- ramics. The scope of this paper is shown
conia/alumina,13. ,16 zirconia/mullite,1 7-19  in Fig. 2, which outlines the major factors
silicon nitride,20 and silicon nitride/silicon involved in ceramic superplasticity and
carbide with other mixed phases.21.22 This their interrelationships. Within this iontext,
list is expected to expand in the future. we have attempted to critically assess the

Several biaxially punch-stretched sam- most significant results in the literature of
pies made of various structural ceramics, ceramic superplasticity, and to provide an
i.e., zirconi&, alumina, silicon nitride, and overview of the highlights of our own ef-
their composites, are shown in Fig. 1. The fort in this area. The intimate and compli-
broad forming conditions, in terms of cated structure-property-processing
forming temperature and forming time, are relationships in this class of ceramics,
indicated. The quality of the as-formed sur- which must have an ultrafine mcrostruc-

40
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FiR. 1. Superplastic forming temperatures and times of structural ceramics Hemispherical punch with a 6 5-mm radius was used to stretch the
initially flat, 1 -mm-thick disks into the shape shown Surface finish was excellent and glossy for silicon nitride, zirconia, and z,rconia-rich compositesSurface ot alumina, although free of visible detects, appeared dull Under optimal conditions, forming operation can be completed at even lower
temperatures and shorter times
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ture achievable through a judicious crys-
tal structure selection or a second-phase
addition, form the subject of Section II of
this paper. Deformation characteristics A

and methods for evaiuaing formability are
described in Sections III and IV to provide
further insight into this actve research field.

II. Materials Considerations
In developing superplastic ceramics,

high deformation rate and high ductility
are the primary objectives. Practical con-
siderations further dictate that these
properties should be achievable at the
lowest temperature possible. The basis of
materials considerations concerning a
high deformation rate and a low deforma-
tion temperature lie in the consititutive
equation of superplastic flow, which can
be expressed in the following form:2

E =Ao"IdP ()4, W

where i is the strain rate, o is the stress,
d is the grain size, n and p are stress and
grain-size exponents, respectively, and A Fig. 2. Structure-property-processing relationships in superplastic ceiamics for structural ap-
is a temperature-dependent, diffusion- plications.
related coefficient which can be expressed
in an Arrhenius form. For superplastic ce-
ramics, r, and p are typically between 1
and 3. Therefore, a high deformation rate
and a low deformation temperature can
be achieved by the following steps.

(i) Lowenng grain size. Grain-growth
control can be achieved through low-
temperature sintering and the use of ad-
ditives;23 present practice has found a low- Z

er limit of approximately 200 Pm for the
grain size in bulk ceramics such as TZP,
alumina, silicon nitride, and their compos-
ites. Microstructures of some selected
superplastic ceramics are shown in Fig. 3.

(ii) Increasing lattice diffusivity, grain-
boundary diffusiwty, or introducing a grain-
boundary liquid phase as a fast diffusion
path: The forming temperature of Y-TZP
has been lowered from 13500 to below
12000C with the addition of a small
amount of transition-metal oxides which a b
segregate to grain boundaries.24 In silicon
nitride, a liquid phase is also present which
facilitates deformation 20.21 4

Although these twc steps are neces- Si 3 N4  2Y.TZP:A12 0
sary, they are not sufficient for achieving
superplasticity in a given ceramic for the
following r:.,asons. First, in many instances
the fine-grained microstructure proves to
be unstable L nde," supe, plastic deforma-
tion; i.e., dynam:. grain growth may take
place. Thus, a fiie initial microstructure
provides little assLrance of the formability
of a ceramic. Second, failures of super-
plastic ceramics appear to be of a brittle
intergranular iype which is not preceded
by extensive necking, unlike most super-
plastic metals and alloys Thus, a high co- m1 IAM
hesive strength at grain boundaries is - W M

crucial for achieving high ductility without C
fracture. Additives for grain refinement or
a grain-boundary liquid must be carefully Fig. 3. Scanning electron microscopy micrographs of ultratine grains of superplastic ceran-
selected so that a high grain-boundary ics (a) 2Y-TZP (b) alumina, (c) silicon nitride, ard (d) 2Y-TZP/alumina at equal vo~ume fraction
strength is not compromised
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Prior to the recent discovery of ceram- tic ceramic are closely related to the
ic superplasticty, there was little appreci- strong s'egregation of solute cations to the
ation or understanding of these aspects grain boundary, which lowers the grain-
in the ceramic field. Therefore, the initial boundary mobility and the grain-
attempts at microstructural and micro- boundary energy.35 A secondary advan-
chemical tailoring of superplastic structural tage of TZP appears to be its ability to
ceramics demanded considerable empiri- contain a glassy grain-boundary phase,
cism. Over the last two years, however, which facilitates sintering and deforma-
intensive studies on superplastic zirconia tion without compromising microstruc-
and the development of superplastic aiu- tural stability and grain-boundary
mina and silicon nitride collectively provid- strength.
ed an extensive body of knowledge on the Direct evidence for Y3 segregation at
problems of dynamic grain growth and TZP grain boundaries has been provid-
grain-boundary cohesive strength. They ed by X-ray photoelectron spectroscopy
also shed some light on related aspects, (XPS) of intergranularly fractured speci-
such as grain-boundary chemistry, grain- mens.36 Similar segregation and grain-
boundary mobility, grain-boundary ener- growth studies on the effects of other
gy, and their relation to deformation and cations have revealed a general trend:
fracture of ultra-fine-grained ceramics. divalent and trivalent cations are enriched

This knowledge can now be used to for- at the grain boundary, whereas tetrava-
mulate some useful and self-consistent lent and pentavalent ones are not. Only
guidelines to direct future materials design the former can suppress grain growth.
for superplastic applications. In the follow- The effectiveness of the dopants Ca2 ,
ing sections, overviews of this knowledge, Mg, y3., Yb+, ln3 , Sc3+, Ce4+, Ti4 , Ta6 ,
and the insights derived thereby, are sum- and Nb5  in suppressing grain growth
marized for each class of ceramics to ranks in the order listed from most to least
better elucidate the processing-structure- effective. This sequence can be rational-
forming relationships outlined in Fig. 2. ized if it is recognized that the grain

boundary in TZP is positively charged36

(1) Zlrconla Ceramics and that larger cations diffuse more slow-
Tetragonal zirconia polycrystals, con- ly.37 A schematic diagram illustrating the

taining 2 to 4 mol% yttria, have been trend for grain-boundary mobility is
reported to be superplastic at tempera- shown in Fig. 4. Essentially, from the
tures above 13000C,12 beginning with the charge consideration, cations of a va-
work of Wakai etal. on 3Y.TZP..25-28 For lence lower than 4 + are expected to
more than a decade, we have known that form a space charge cloud8 around the
yttria-stabilized tetragonal zirconia has a grain boundary, more so for Ca2  and
characteristically fine-grained microstruc- Mg2 than for Y3+ and other trivalent ca-
ture29 (see Fig. 3(a)), which is relatively tions. Tetravalent and pentavalent cations
uncommon among ceramics, The need are not expected to segregate for the
for maintaining a submicrometer grain same reason. From the size-diffusivity
size was initially motivated by the pursuit consideration, the solute drag of the larg-
of transformation toughening.29-31 Ultra- er cation is expected to be more effec-
fine grains are required to avoid spon- tive, i.e., Ca2  more than Mg2 , and y3+
taneous tetragonal-to-monoclinic more than Yb3 , In3

+, and Sc3  in that or-
transformation, for which nucleation statis- der. Yttrium cations, being trivalent and
tics are grain-size dependent.32 The sub- oversized, with a relatively large (2.5
sequent use of this material as a tough mol/o) solubility in zirconia, thus serve as
and strong ceramic (Kic above 5 a rather effective solute in suppressing
MPa- i 2 and strength exceeding 1200 grain growlh during sintering. It is for this
MPa)33 has stimulated the industry to pro- reason that fine-grained Y-TZP is readily
vide powders of an excellent sinterabili- obtainable under nearly all processing
ty. These commercially available powders conditions.
can be readily processed to obtain dense A comparison cf the grain-boundary
ceramics with a grain size ranging from mobility of 2Y-TZP, 12Ce-TZP, 12Ce-TZP
0.3 to 0.5 m, sufficiently fine to allow su- with 0.3 and 1 mol/8 calcia, and 8Y-CSZ
perplasticity above 13500C. It is for this is made in Fig. 5. Compared with Y-TZP,
reason that 3Y-TZP has become almost both Ce-TZP and CSZ have a much faster
the universal choice for demonstrating ce- rate of grain growth. Microanalysis of the
ramic superplasticity in the last few years. near grain-boundary region reveals little

The relatively good characteristics of solute segregation in Ce-TZP and 8Y-
zirconia powders contribute to their ex- CSZ. In the case of Ce-TZP, the mobility
cellent sinterability and microstructure. of the grain boundary can be lowered
The question then becomes, "Is there an progressively by adding calcia, which
irtrinsi- explanation, if any exists, for the segregates strongly. 36 Calcium, as not-
vcy fine grain size observed?"34 A relat- ed, is the most potent dopant for sup-
ed question is whether there is an intrin- pressing grain growth in TZP. Therefore,
sicc ause for the emergence of Y-TZP as the observed effects are in accordance
an excellent superplastic ceramic. We be- with the space charge model.
lieve that the answers to both questions Rapd grain growth has been observed
have now been given rhe primary attrib- in a number of materials that have been
utes of Y-TZP as a fine-grained superplas- superplastcally deformed 12,39-43 Accord-
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Rg 5. Grain-boundary mobility of TZP and CSZ plotted versus recipro- Fig. 6. Stress-strain curves of TZP and CSZ. Initial grain sizes arecal homologous temperature (Tm is melting point). 0.48 4m (8Y-CSZ), 0.56 pm (12 Ce-TZP with 0/o, 0.1%, and 0.3/o Ca),
0.3 pm (12Ce-TZP with 1% Ca), and 0.21 Mm (2Y-TZP) Tendency for
strain hardening directly corresponds to the magnitude of grain-
boundary mobility shown in Fig. 5. (Strain rate is 10-4 s except in the

ing to Eq. (1), grain coarsening during case of 8Y-CSZ and 12Ce-TZP with 1O% Ca where 3 x 10- 4 S-
1 is used.)

deformation causes an increase of the
flow stress. The resultant strain harden-
ing is very pronounced, and it unmistak- Table I. Dihedral Angles and Interfacial Energies of Zirconla and Alumina
ably signals the occurrernce of dynamic Dihedral angle, 0 (deg) Interfacial energy, y
grain growth. To illustrate this, stress-
strain curves of 2Y-TZP, 12Ce-TZP, Ceramic ,ztbilhzer , at, cc Y./)2 Ytdye,
12Ce-TZP with 0.3 and 1 molO/c oalcia, TZP/CSZ 4 mol% O 03 134 97 1.7 1.3
and 8Y-CSZ are shown in Fig. 6. Among 6 Mol% Y2O 131 105 1.5 1.2
them, 12Ce-TZP and 8Y-CSZ exhibit pro- 6 molM Y203* 134 107 1.5 1.3
nounced strain hardening and grain 5.5 mol% In20 3  136 95 1.8 1.3
growth, but 2Y-TZP and Ce-TZP with 1 5 mol0/o Sc203 140 113 1.6 1.5
mol% calcia do not. (These tests were vai O, ,, ayiv yatly.
performed in compression to minimize Alumialzirconia Alumina2Y-TZP 130 90 1.67 1.18
the effect of cavitation or grain-boundary A/umina/zrconia Alumma/2Y-TZP 13_'_ 90 1.67 1.18
cracking, which is quite severe in 8Y- Oa cc c, aa Ya'/Ycc Yaa/Yac
CSZ.) Comparing these results with Fig. Alumina/zirconia Alumina8Y-CSZ 114 96 1.23 1.34
5, we further note that, even though the *o 1 mol/o Mn3O4 also added
addition of 0.3 molO/o calcia is enough to
largely suppress static grain growth, it is
inadequate for suppressing dynamic boundary (ytt), cubic grain boundary
grain growth. It seems likely that, under (yc,), and tetragonal/cubic phase bound-
superplastic deformation, grain bound- ary (Ytc). This gives ytt:ytc:ycc = 1:1.3:1.6.
aries are able to break away from the sol- (Similar correlations have also been ob-
ute cloud 44 when only 0.3 mol% calcia served in alumina and its phase bound-
is present. Thus, although solute segre- aries with zirconia, as will be discussed in
gation may still slow down dynamic grain the next section.) This correlation suggests
growth, in general, it does so less effec- that an added benefit of solute segrega-
tively than that for static grain growtn tion in Y-TZP is the lowering of the grain-

In addition to being susceptible to dy- boundary energy, which could, in turn,
namic grain growth, 12Ce-TZP and espe- have the effect of increasing the cohesive
cially 8Y-CSZ seem to cavitate easily, even strength of the grain boundary. If this
when deformed in compression. This ob- correlation extends to other zirconia ce-
servation suggests that they have a low- ramics, it also follows that, because they
er grain-boundary strength than that of lack solute segregation, both 8Y-CSZ and
Y-TZP. A higher grain-boundary energy in 12Ce-TZP have higher grain-boundary
8Y-CSZ than that of Y-TZP has been energies and thus lower cohesive
reported based on dihedral angle meas- strengths.
urements in the two-phase tetragonal/cu- To enhance the diffusivity and lower the
bic zirconia ceramics35 (see Table I and deformation resistance of zirconia ceram-
Fig. 7). Because the dihedral angle is de- ics, additives which segregate to the grain
termined by the ratio of the interfacial ener- boundary and which possibly form a
gies, these data allow the calculation of the grain-boundary low-melting phase can be
relative energies of the tetragonal grain quite effective. Transition-metal oxides __ _ _
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(Sc, Ti, Nb, Cr, Mn, Fe, Co, Ni, Cu, and
Zn) F: 0.3 mol% have been investigated
for this purpose.45 Of the above, Mn, Co,
Ni, and Zn were found to lower the sin-
tering temperature and lower the grain

T ' size; Cu was found to lower the sintering
temperature but slightly increase the
grain size; and Sc, Ti, Nb. and Cr did not

a , aid sintering. Deformation data for 2Y-
TZP with various dopants, sintered and

,: ' tested at 12500C, are shown in Fig. 8. Fig-

*%' 7, ure 8 shows that Mn, Fe, Co, Cu, and Zn
lower the flow stress, with Cu being the

AV" most effective. Segregation of these lat-

ter elements to the grain boundary was
a • confirmed by XPS. Additional studies of

the Cu-doped 2Y-TZP further established
the formation of a grain-boundary liquid
phase around 11300C, although, even
before melting, the grain-boundary phase

t C had already facilitated deformation by en-
hancing diffusivity.24 In all cases, ductili-

c-ZrO2  ty of the ceramics, as well as other
t-ZrO 2  tZrO2  o important mechanical properties

"ct (strength, toughness, hardness, and sta-
S01,c tZr0 O "bility against moisture), was not impaired

c-Zr0 2  t ZrO2  by the small amount of additives.
Note that zirconia ceramics usually

contain a ceratin amount of Si impurity,

71Y 7c which is localized at the grain bound-
aries.46 A ternary eutectic between zirco-

(a) (b) nia, yttria, and silica exists at 13500C.
Most likely the addition of Mn, Fe, and Zn
has lowered the eutectic temperature. In

Fig. 7. Relationship between dihedral angles and interfacial energies (a) tetragonal grain (T) the case of Cu, it is reported that a binary
surrourded by cubic grains (C) in 6 mol% yttria/zirconia, indicating yC>,tC and (b) cubic grain eutectic of copper(l) oxide (or copper(l)
(C) surrounded by tetragonal grains (T) in 4 mol% yttria/zirconia, indicating ytt<ytc oxide) and zirconia lies between 11000

and 11 500C, depending on the oxygen
potential.47 This report is consistent with
the better sinterability and superplastic
formability of this class of ceramics;
namely, "undoped" Y-TZP becomes su-

1 _ _ _ _ _perplastic above 1350°C, doped Y-TZPs
10* are superplastic at 12500C, whereas Cu

A250°C doping lowers the forming temperature
U M D, t further to 11500C.

It is remarkable that all Y-TZP ceram-
0Yics aie 6uperolastically formable, as

S10 k% o 2Y demonstrateo in ,--ij. 1 ',Formability will
""t, Sc be discussed in more detail i ,o ction IV.)

- Ti Apparently, triere is no loss of grain-
D * Nb boundary strength despite a thin grain-

s 1 £ o C Or boundary layer of amorphous or even Ii-
"a 0 Mn quid phase, which is the result of unin-

10 - Fe tended source/process contamination or
A Co deliberate doping. In this context, note

Ni that the characteristic dihedral angles
a Cu measured at triple points between van-

Zn ous zirconia phases are always quite dis-

1.5 1_ tinct (Fig. 7). This distinction indicates that
I their respective interfacial energies are

10 1 00 1 000 well-defined. We then conclude that the

Stress (M Pa) presence of a thin grain-boundary phase
in Y-TZP ceramics does not dispel the

Fig. 8. Strain rate versus stress of TZP with 0 3 mol% of cation addi- classical notion of interfacial and like ener-
tive as shown. Base composition contains 2 mol% yttra and is denot- gies,36 and that even "contaminated'
ed by 2Y grain boundaries can have excellent

strength and cavitation resistance.
Thus, the following major conclusions

concerning superplastic material de-
velopment can be made from zirconia
studies
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(i) The selection of an appropriate crys- in the powders and poor packing in the
talline phase is often important for achiev- green body.,3.56., Powders often contain
ing an ultrafine grain size in single-phase hard agglomerates which later sinter at
ceramics. Tetragonal zirconia is a superi- different rates and inhibit shrinkage of the
or superplastic ceramic whereas cubic matrix by exerting a mechanical con-
zirconia is not. straint. Poor packing of powders lowers

(ii) Both static grain growth and dy- the green density, which often delays sin-
namic grain growth are closely related to tering and leaves behind flaws.58 These
the grain-boundary mobility. In tetragonal problems can largely be avoided by me-
zirconia, segregating dopants are much ticulous handling of powders. This entails
more effective in suppressing static grain breaking up hard agglomerates in the
growth than dynamic grain growth. starting powders, manipulating and con-

(iii) Solute segregation has an added trolling interparticle forces in the colloidal
benefit in lowering grain-boundary ener- powder suspension, and direct consolida-
gy and, correspondingly, strengthening tion of the slurry into a green body using
the grain boundary. colloidal pressing or pressure filtration

(iv) The grain-boundary amorphous techniques. , 6 The resultant homogeneous
second phase, containing Si, Zr, Y, 0, green compact, with a higher density and
and most of Ine heavier transition-metal fewer defects and agglomerates, has a
cations of the third row, is very effective markedly improved sinterability. This can
in lowering the superplastic flow stress facilitate low-temperature sintering and the
and increasing the deformation rate with- attainment of very fine microstructures.
out lowering the grain-ooundary cohesive Low-temperature sintering of pure alu-
strength, mina at 11500C has been reported using

(2) AlumIna special classified powders of a very fine
There have been several unsuccess- particle size.53 In this case, the grain size

ful attempts in the past to develop super- at 99% of theoretical density is 0.25 jm.
plastic alumina. 648-52 However, the The yield of this type of processing, how-
tensile ductilities reported in these studies ever, is too low for the purpose of labora-
were all much !ower than that found in zir- tory testing of superplastic formability.
conia. Recently, we have succeeded in Using unclassified powders and colloidalprocessing techniques, we have beensuperplastically stretching alumina able to sinter pure alumina at a tempera-
(doped with 200 ppm magnesia) to large ture of 125000. The microstructure of a
strains.,' A disk so formed is shown In
Fig. 1, arid its microstructure is illustrat- sintered pure alumina is shown in Fig.ed inFig.3(e)9(a). The grain size is as fine as 0.5 Mm
ed in Fig. 3(b). and remains relatively stable during an-Although lage-strain superplasticty is nealing at temperatures below 1300C.
now possible, difficulties encountered in
the course of developing superplastic alu- Pure alumina of such a grain size has
mina did provide valuable lessons to our a very low initial flow stress. However, it
current thinking about superplasticity in fails to deform superplasticaly because
ceramics. These difficulties are related to of rapid dynamic grain growth, which
processing, the use of additives, and their causes strain hardening (see Fig. 9(b) for
consequences on microstructural de- the deformed microstructure and Fig. 10
velopment and superplastic charac- for the stress-strain curve). Note that
teristics. grains of a larger size in the deformed mi-

Unlike the case of Y-TZP, special atten- crostructure tend to be elongated. Th;s
tion must be paid to alumina powder is a general feature of grain growth in aiu-
processing. Because sintering alumina mina and may be attributed to the
below 13000C requires considerable skill anisotropy in grain-boundary energy.57

and effort,53 and grain growth above Large grains of this type serve as stress
13000C is rather fast, only a very narrow concentrators and potent nucleation sites
processing window is available for this ce- for cavitation, thus degrading the ductili-
ramic. The window may be widened ty. A higher deformation temperature only
somewhat by the use of additives that exacerbates the problems, as shown in
suppress grain growth, by hot-pressing, Fig. 9(c).
and by improving powder processing to A fundamental problem associated
allow densification at lower temperatures. with pure alumina is its relatively high
Unfortunately, we have found magnesia grain-boundary energy. In addition to
ineffective in further lowering of the grain- providing a higher driving force for grain
growth rate in very-fine-grained alumina growth, the high energy may also cause
sintered below 13000C. As for hot- the grain boundary to have a relatively
pressing, results of previous studies seem low cohesive strength, according to the
to place a lower bound of about 1 Mm for argument advanced in the previous sec-
the grain size of alumina,43.50 54 which is tion. The direct evidence for a higher
not fine enough for superplastic applica- grain-boundary energy is once again
tions. Thus, low-temperature sintering is provided by dihedral angle measure-
the only alternative. ments, and the results are illustrated in Ta-

From a processing viewpoint, the main ble I and Fig. 11. In this case, an
obstacles for low-temperature sintering of alumina/zirconia two-phase microstruc-
ceramic powders are hard agglomerates ture is used to establish the ratio of the
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Fig. 9. Microstructure of pure alumina (a) as sintered at 12500C, (b) deformed in compression at 12500 (strain rate of 1 5 x 10-5 S-1, total strain
of 0 3) with compression axis shown by hollow arrows and cavities by solid arrows, and (c) same as (b) but deformed at 14000C (strain rate ot2 4x 10-  s -1; total strain of 0 68)

grain-boundary energies of alumina (Yaa) solubility for most aliovalent cations. For
and zirconia (yt and ycc) to the interfacial example, the solubility of magnesia at
energy between the two (yat and yac). 15000C is only 200 ppm.5 9 At such a low
The ratio reveals that the grain-boundary concentration and at low temperatures
energy of alumina is even higher than that (below 13000C), magnesia has an un-
of cubic zirconia, which is higher than that noticeable effect on static grain growth.
of 2Y-TZP, as noted previously. The in- However, dynamic grain growth can be
terfacial energies follow the sequence brought under control by the same
Yaa, Ycc, Yac, Yat, ytt, from highest to amount of magnesia. This can be ap-
lowest. As expected, pure alumina has preciated by comparing the stress-strain
a high propensity for cavitation, even in curve of pure alumina and 200 ppm-
compression (see Figs 9(b) and (c)). magnesia-doped alumina in Fig 10. The

We have already mentioned magnesia relatively mild strain hardening of the lat-
as an additive for grain-growth control. ter is a direct consequence of the slower
Segregation of magnesia and other ad- dynamic grain growth in this material. As
ditives in alumina is fairly well established demonstrated in Fig. 1, magnesia-doped
and has been attributed to the elastic alumina can be superplastically stretched
energy due to a size misfit.58 Unlike zir- to large strains.
conia, however, alumina has very little Attempts have also been made to in-

troduce a low-melting liquid phase (such
120 as boron oxide and copper(ll) oxide) and

14000C various charge-compensating dopant
Pure alumina t=104 s-I pairs (such as Cu2* and Ti40) to alumina

100 to lower the sintering and superplastic
forming temperatures. These ceramics

...80 have very fine grains and they can be sin-
S80 tered and deformed at temperatures

around 10500C. The resultant stress-
60 strain curve is shown in Fig 10. Howev-

er, deformation is accompanied by ab-
Alumina/1 0% Zr0 2  normal growth of some grains The cause

40 for abnormal grain growth in this case is
Alumina/magnesia probably again associated with theanisotropy of grain-liquid interfaces.

20 Alumina/2 % liquid Moreover, the tensile ductilities are dis-

10500C t=1.6x10 s "  appointing for these specimens, reach-
ing only 15/o These low ductilities

0. indicate a severely degraded grain-
0.0 0 2 04 0.6 08boundary cohesive strength, which is fur-

ther compounded by the stress concen-
Strain trations around abnormally large and

i.10. Stress-strain curves for alumina Strain hardenin in pure elongated grainsFig. 10 tessri uvsfrauiaSr~ adnn] ueThus, the following major conclusions
alumina and magnesia-doped alumina is due to dynamic grain growth
The eventual decrease in stress in pure alumina is a result of cavita- are made from the above data for super-
tion Note that alumina with 2% liquid was tested at a lower temperature plastic alumina

(i) Because of its high and anisotropc
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grain-boundary energy, pure alumina is facilitates the conversion of the starting
weak along the grain boundary and is powders to the final, alloyed phases of the
prone to rapid, abnormal grain growth, intended compositions. The amount and
making it an inherently difficult choice for the composition of the liquid, as well as
ceramic superplasticity. those of other phases, undergo continu-

(ii) The use of additives is less effec- ous changes as sintering and annealing
tive for alumina than that for zirconia be- proceed.64 Because metal cations can be
cause of the limited solubilities of neerly incorporated into the a '-sialon, it is theo-
all the cations. This results in the relat;ve- retically possible to obtain a single-phase
ly weak grain-boundary cohesion ob- a'-sialon without any remaining liquid
served in most cases to date. phase. This is not the case for p '-sialon,

(ii) Although magnesia is not necessar which has no solubility for any cations
ily needed for effecting low-temFerature other than SiO and A13+.
sintering, it does lower Ihe grain-boundary The superplastic silicon nitride shown
mobility in dynamic grain growth. This has in Figs, 1 and 3(c) was designed to form
made large-strain superplastic stretching a '-sialon.20 A small amount of crystalline
possible. yttrium aluminum garnet and a-silicon ni-

(iv) As the liquid phase lowers the flow tride also exist in the final phase assem-
stress of alumina, it also facilitates abnor- blage at 150000. The amount of the liquid
mal grain growth and probably lowers the phase that exists during forming is rela-
Interfacial strength. Superplasticity of alu- tively small, This ceramic maintains an
mina at low temperatures (below 13500C) equiaxed grain shape during superplas-
thus appears unlikely, except in com- tic forming. Because of the very fine and
poetes. stable microstructure, this ceramic can be

(3) Slico Nitride
Two superplastic silicon nitrides have 15

been reported recently. A fine-grained sili-
con nitride/silicon carbide composite (20
wt% silicon carbide) containing a variety
of other mixed phases was deformed in
tension to 150% at 16000C and a strain
rate of 4 x 10-5/s.21 Another silicon ni-
tride,'0 shown in Fig. 1, was punch- 0
stretched at 1500C. The microstructure 10
of the latter is shown in Fig. 3(c).

In ceramic alloy design, there is a close
analogy between si con nitride and the two 0other ceramics discussed in the previous )

sections. ike zirconia, ewo polymorphs,
s and Pksiicon nitride, exist which trans- u.
form from one to the other by reconstruc- 5 6
tion. Both phases have a large range of
solubility. The a-phase solid solution can
be represented as Mz1,e exAxozOxNx_
and is commonly referred to as a '-sialon
in this form.60 Here M is a cation of a va- . ...
lence n and of an appropriate ionic radi-
us. The p-phase solid solution can be L
represented at SiexAIxOxNex and is re- o
ferred to as p '-sialon in this form.61 Both
phases are derived from the respective 30 60 90 120 150 180
a- or P-silicon nitride unit cell by partial Dihedral angle (0)
replacement of SiO by AJP. Valence com-
pensation is by substitution of N3- or 02-
and, in the case of a '-sialon, by additional
modifier cations occupying the interstices
of the (Si-AIHN,O) network similar to that
of the stuffed derivatives of silica.62 Simi- t-ZrO2  Alumina
lar to alumina, p '-silicon grains have a Alumina t-ZrO.
strong tendency for anisotropic grain
growth at higher temperatures. They typi- Y . 04.1t 0 t.a
cally assume a needlelike morphology, t-ZrO2  Alumina t%
and the growth mechanism involved has
been identified previously.63 In contrast,
a '-sialon grains tend to be small and
equiaxed over a wide range of tempera-
ture, even though its crystal structure is
highly anisotropic.60  Fig. 11. Examples of distributions of dihedral angles between alumina and tetragonal zirconla

To sinter both sialons, metal oxides are The peak values are given in Table I Also shown schematically is the relationship between di-
cften added as liquid-phase sintering hedral angles and interfacial energies
aids.64This enhances densification and
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deformed at a relatively low tempera- of this silicon nitride was such that
tures. The presence of the liquid phase p '-silicon nitride was the predominant
lowers the flow stress still further. As phase, which began to develop an elon-
shown in Fig. 12, only a mild strain gated grain shape in fabrication.22 The
hardening is apparent in superplastic sintering aids added (yttria and alumina)
deformation. The deformed microstruc- provided a considerable amount of liquid-
ture, containing mostly equiaxed, fine phase and other phase mixtures which
grains, is shown in Fig. 13(a). evolved with time. Although this silicon ni-

Wakai etal. took a different approach tride can be deformed above 16000C,
to developing a superplastic silicon ni- strain hardening is prominent, possibly
tride.21

,
22 They added silicon carbide to because of the anisotropic grain growth

silicon nitride in the hope that grain of j '-sialon.21 .22 The higher deformation
growth would be suppressed. In addition, temperature also dictates that a severe
they used an amorphous Si-C-N powder weight loss occurs because of vaporiza-
to fabricate a hot-pressed composite in tion of silica from the liquid phase, and
the hope that the initial grain size would from nitrogen decomposition. Despite
be minimized. However, the composition these problems, a large tensile ductility

exceeding 150% was achieved, although
60- the weight loss has caused deterioration

ie600C X0oX ' C 0o ,xW04  of the surface finish.21 A comparison of
the stress-strain curves and deformed

5o D microstructures of the above two super-
0 1-41 plastic silicon nitrides is shown in Figs. 12

and 13. It is evident that the flow stress
40 of a '-sialon is much lower than that of

P '-sialon/silicon carbide and that the mi-
crostructure of the former is much finer.

30 - Thus, despite the substantially different
phase compositions, amounts of the li-

20150, 3x06 "  quid, strain-hardening rates, microstruc-
tures, and deformation characteristics,

AB: S4 (Ref .20) large ductilities seem obtainable in sever-
10 al families of fine-grained silicon nitrides.

0,0: SIN 4 /SIG (Ref.21) This suggests that the (Si, Al, 0, N) liquid
present, partially modified by yttrium and
possibly other cations, is available for su-

0.0 0.2 0.4 0.6 0.8 1.0 perplastic stretching in that the liquid pro-
vides an adequate plastic deformation

Strain stability and cavitation resistance to pre-
vent strain localization and fracture. Al-

Fi, 12. Stress-strain curves of silicon nitrides, where, A and B are though further research is required to
mostly. '-sialon deformed in compression,20 and C and D are mostly establish the optimum composition of the
f'-siaon with 30 vol% silicon carbide deformed in tension.21 Note that liquid and the lower limit of its amount for
A and B have much less strain hardening than C and D. superplastic forming, these initial findings

and their implications are indeed en-
couraging.

The following major conclusions
regarding the development of superplas-
tic silicon nitride are made.

(i) Obtainable through judicious phase
and compositional control, equiaxed fine-
grained silicon nitride in the form of
a-silicon nitride and a '-sialon are resistant
to static and dynamic grain growth. In
contrast, p-silicon nitride and p '-sialon
are prone to anisotropic grain growth
during forming, particularly at higher tem-
peratures, which causes severe strain
hardening.

(u) The liquid phase in silicon nitride,
S , .containing Si, Al, 0, N, Y, and possibly

additional cations, has adequate cohe-
sive strength to resist cavitation in super-

a b, plastic forming.
a b(iii) Silicon nitrides are excellent candi-

Fl. 13. (a) Microstructure of a deformed silicon nitride containing mostly a '-sialon (bar = 1 gm) dates for superplastic forming at inter-
Note similarity with Fig. 3(c) due to the absence of anisotropic grain growth (b) Microstructure mediate temperatures, around 15001C.
of a deformed silicon nitride containing mostly p '-sialon and 30 vol% silicon carbide (bar = 1 14m), At higher temperatures, weight loss from
showing much grain growth during deformation. liquid vaporization becomes severe and

the surface quality deteriorates.
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(4) Composites having 6 pinning particles, on average,
Composites of zirconia/alumina' 6.5 for every grain. In this model, grains are

and zirconialmullite17.18 have been inves- pinned in three dimensions by particles
tigated throughout the entire range of residing on grain corners.
composition. Y-TZP with up to 80 vol% Data from fine-grained zirconia/mullite
of alumina or mullite are superplastic and and zirconia/alumina, for a volume frac-
have very good formability.19 Pure alumi- tion of the second phase between 1%
na is also superplastic, under optimal and 15%, are plotted in Fig. 14 to evalu-
conditions. Pure mullite has not been ate this prediction. Although some scat-
made superplastic as of this date. tering does exist, these data can be

Compared with monolithic ceramics, reasonably correlated by the following
composites have the distinct advantage of equation:
superior microstructural stability against
both static and dynamic grain growth. The d =r/v"3  (2)
as-sintered composites usually have a where a is about 0.75. This is equivalent
smaller grain size, even though they may to having 0.4 of a pinning particle for ev-
require a higher sintering temperature ery grain. Since Hellman and Hillert's
than those of the monolithic ceramics model assumes equilibrium and the
made of either constituent. In particular, prediction is for the limiting grain size, it
a duplex microstructure can be obtained, is expected that the model has severely
i.e,, one In which two phases are of nearly underestimated the pinning effect. This is
equal volume fraction and are both mul- especially so when low.mobility grain
tiply connected. Known for its fine grain boundaries dominate, as should be the
sizes and excellent resistance against case in the best superplastic ceramics.
coarsening, many such microstructures From a practical point of view, the indi-
have figured prominently in the historical cation of a much stronger pinning effect
development of superplastic metallic al- than their model has suggested is certain-
loys (e.g., Pb-Sn and Zn-Al alloys, aP ly encouraging.
brass, a.P Ti alloys, and a-y stainless The beneficial effect of a second phase
steel),' Duplex microstructures have also on coarsening stability is largely lost when
been obtained for zirconia/mullite and a significant amount of liquid phase is
zirconiafalumina composites. An exam- present. For example, adding silicon car-
ple of the latter is shown in Fig. 3(d) with bide to silicon nitride appears to have lit-
a grain size of about 0.2 jm. Sintered in tie effect on the growth of P'-sialon grains
the temperature range of 1370 to (Fig. 13(b)), which assume acharacteristi-
14800C, these duplex composites can cally elongated shape.2l Growth of
maintain their very fine microstructures p '-sialon grains probably proceeds via a
even after large superplastic deformation, solution-reprecipitation mechanism
provided that the deformation temper- through the liquid phase aided by phase
ature does not exceed the sintering conversion in these ceramics. = ,' 4 Be-
temperature. cause particle coarsening is only weakly

Considerable mcrostructural stability is
already evident when the second phase
is present at a smaller volume fraction, /.
typically no more than 20%. This im- Hellman
provement is especially important for dy- and Hillert
namic grain growth. A striking example
is encountered in alumina with zirconia
inclusions. Although fine-grained pure 2/
alumina is subject to rapid dynamic grain I
growth, its grain size remains largely sta- -. n
ble during superplastic deformation when.
10 vol% zirconia is added. This addition
of zirconia also suppresses (or eliminates)
strain-hardening behavior, as shown in
Fig. 10, thus improving the superplastic 0 0 A/Z15%(Ref.98)
formability of this material. A18

From a microstructural control view A 0  TZP/M 10% (Ref. 18)
point, there is an important relationship A0 A A/Z 10% (Ref. 13)
between the matrix grain size and the size CA(
or amount of the second.phase particles. Z A/Z 1-10% (Ref. 99)
Since the early work of Zener,66 the 0 1 1
particle-pinning effect has been of con- 0 1 2 3 4
tinuing interest. Superplastic ceramic
composites offer an opportunity to reex- nv1 ' (Pim)
amine this effect in ultra-fine-grained ce- Fig' 14. Grain size d as a function of inclusion size r and volume frac-
ramics. According to the analysis of tion of inclusions v The matrices are alumina (A) and TZP. Inclusions
Hellman and Hillert,67 the matrix grain are zirconia (Z) and mullite (M), with their volume fractions indicated
size, d, is 1.8 times that of the particle size,
r, normalized by the cube root of the
volume fraction, v. This is equivalent to
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dependent on the volume fraction of the models are largely qualitative and fail to
particulate phase itself,68 the presence of quantitatively account for the observed
another inert inclusion phase (silicon car- deformation rate of superplasticity.
bide) is not expected to have a major ef- This state of the art dictates that the
fect on the coarsening of silicon nitride, present discussion of deformation
Experimental observations of considera- characteristics should be confined to
ble strain hardening in this material (see comparisons based on the phenomeno-
Figs. 12(c) and (d)), as well as the de- logical constitutive equation (Eq. (1)). In
formed microstructure reported (Fig. the following, an analysis of the stress,
13(b)), are consistent with the above ex- grain size, and temperature dependence
pectation. of deformation for several superplastic ce-

The following major conclusions re- ramics is first presented. The effect of a
garding the development of superplactic second phase is then rationalized based
ceramic composites are made. on continuum mechanics models and on

(i) As in metals, ceramic composites interface-related considerations. Finally,
with a duplex microstructure are essen- the origin and the effect of dynamic grain
tially stable against static and dynamic growth on deformation characteristics are
coarsening at temperatures below that for explored. We postpone the discussion of
sintering. These composites are excellent fracture to Section IV where superplastic
superplastic ceramics. formability is assessed.

(ii) Composites with a modest amount
of second phase gain considerable sta- (1) Stress, Grain Size, and
bility against static and dynamic grain Tempatur Dependence
growth. Thus, the grain size remains small Our discussion of the stress, grain size,
after sintering and during forming and the and temperature dependence In ceram-
material becomes superplastic. In alumi- ic superplasticity is concentrated on 2Y-
na, for example, particle pinning renders TZP and alumina, where the best and
the composite superplastic whereas pure most complete data are available. Al-
alumina is not. though 3Y-TZP has been widely studied,

(ii1) When grain growth occurs by Ost- it contains some cubic grains which tend
wald ripening via solution, diffusion, and to grow larger In size over time, making
reprecipitation through a liquid phase, a definitive analysis of the deformation
static and dynamic grain growth cannot characteristics more difficult. For compar.
be suppressed merely by the introduc. Ison, diffusiona creep data of Y-CSZ will
tion of second-phase inclusions. Unless also be reviewed. 71-74
the primary phase is itself stable against In the absence of any intentionally ad-
coarsening, these composites have only ded liquid phase, data for 2Y.TZP from
a limited capacity for superplastic defor different studiesl217.247 are in reasona.
mation. ble agreement with each other when ex-

periments conducted under similar
III. Defonmatlon Chari'tlerles deformation conditions are compared
Although there is general agreement (see Fig. 15(a)). No significant grain

that deformation mechanisms in super- growth is evident in 2Y-TZP at lower test
plasticity are similar to diffusional creep,3  temperatures. The stress exponent
definitive identification of specific mech- ranges from 1.5 to 2, and is independent
anisms has not been successful. Reviews of temperature. Wakai has also reported
of data from superplastic metals reveal an increasing stress exponent with
that, in several important aspects, decreasing prain size,12.76 a trend simi-
superplasticity2.4- differs from diffusion- lar to the one observed in alumina." Data
a] creep.38 First, the grain shape change illustrating this trend, commonly associat-
after large deformation is remarkably ed with interface-controlled diffusional
small, contrary to that envisioned in diffu- creep," are compil-d in Fig. 16 and are
sional creep models. Second, the contri- discussed later. This trend is less obvious
bution from grain-boundary sliding is at higher stresses and strain rates. The
unusually large, compared with diffusion- grain-size exponent of 2Y-TZP ranges be.
al creep. Third, the stress and grain-size tween 1 and 3, according to the various
exponents are often substantially differ- reports in the literature. However, be-
ent from the prediction of simple diffusion- cause the stress exponent can itself be
a] creep models. These discrepancies a strong function of the grain size, the
have motivated several models which grain-size exponent may appear higher
modify the conventional descriptions of at higher stresses.
diffusional creep for superplastic applica- The above observations are analogous
tions. In particular, concepts such as to fine-grained superplasticity in metals
grain switching,4 grain rotation,5 and and alloys and are generally incompati-
grain-shape transformation6 have been ble with dislocation creep. The following
introduced, and the enhanced roles of considerations further rule out dislocation
grain-boundary sliding and grain- creep as a major mechanism in ceramic
boundary migration have been pro- superplasticity. Flow stress for dislocation
posed. Some also envision an interplay motion is strongly dependent on the sol-
of diffusional processes and (grain- ute content in zirconia ceramics.76 If the
boundary or lattice) dislocation process- available flow stress data of Y-CSZ76 are
es.69Jo Despite these efforts, such extrapolated to lower yttrium content, as



September 1990 Development of Superplastic Structural Ceramics 2597

appropriate for Y-TZP, they are still much in ceramics. This is primarily due to the
higher, by 1 or 2 orders of magnitude, fact that most ceramics do not have suffi-
than the superplastic flow stress shown cient strength to resist fracture before the
in Fig 15(a). This argument is also rein- high flow stresses required for the transi-
forced by the independent observation17  tion can be reached. Moreover, no
that the anticipated dislocation spacing threshold stress (regime I) is evident in ce-
A, which should follow a universal scal- ramics, at least over the stress range thus
ing law, 77 A= 2bG/, much exceeds that far investigated. Thus, ceramic super-
of the zirconia grain size in most cases, plasticity, as typified by the data shown
especially at higher temperatures. In this in Fig. 15(a) for 2Y-TZP, apparently lies
scaling law, G is the shear modulus and entirely in regime II.
b is the Burgers vector. The size of sub- The temperature dependence of Y-TZP
grains, if they do exist from regrouping follows an Arrhenius behavior, character-
of dislocations, would be even larger.77  ized by an activation energy ranging from
Thus, lattice dislocation activities are not 530 to 630 kJ/mol.12.17 ,24.75 This value is
likely to be significant in superplastic zir- somewhat higher than the activation ener-
conia, except at very high strain rates. gy of cation lattice diffusion in cubic zir-

In the literature of superplastic metals conia.37 However, no diffusion data are
and alloys, transitions between deforma- currently available for any tetragonal zir-
tion regimes signified by a change of the conia. Note that activation energies for
stress exponent are well documented.2 grain-boundary mobility of a variety of
In contrast, the transition from the super- TZP, shown in Fig. 5, which is probably
plastic regime (referred to as regime II in rate limited by lattice diffusion of cations
the superplasticity literature)2 to a dislo- in the space charge cloud, are also
cation regime (regime Ill) is rarely seen higher than the activation energy of ca-
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Fig. 15. (a) Relationship between strain rate and stress for 2Y-TZP Grain size is 0.21 pm for Ref. 24, 0.39 pm for Ref. 17, and 0.48 pm for Ref.
75. Grain sizes cited here are 1.56 times the average linear intercept distance between grain boundaries. Range of data for different forming condi-
tions is indicated in the upper figure by symbols at the two ends of each line. Data are replotted in the lower figure after normalization to a reference
temperature T* and a reference grain size d* using values of grain-size exponent p and activation energy Q, as shown. Very good agreement
between different data sets is apparent. (b) Relationship between strain rate and stress for Y-CSZ Grain size for Ref. 71 is 17 pm, Ref 72 is 17.5pm, Ref. 73 is 29 jm, Ref 20 is 0.48 gm, and Ref 74 is 2.6 m, 3 5 m, and 4 2 pm for 14500, 15000, and 155000, respectively. Compositions
of yttna are indicated as well. When the data are normalized, as in Fig 15(a), they fall on a single line Data of the fine-grained Y-CSZ are compara-
ble to those of 2Y-TZP, shown in Fig. 15(a).
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tion lattice diffusion in cubic zirconia.36  diffusion along the copper-rich grain-
However, a nonlinear stress dependence boundary phase and is dependent on the
and the possibility of interface-controlled amout of copper(lI) oxide. Above the eu-
creep preclude a definitive interpretation tectic temperature, deformation is still en-
of the activation energy. hanced by the liquid present, although

Although deformation mechanisms of the strain rate is now limited by interface
superplasticity are aimilar to diffusional reactions and independent of the amount
creep, circumstances for interface- of the liquid phase. The stress exponent
controlled deformatioi may arise when increases and the grain-size exponent
grain boundaries do riot act as perfect decreases when grain-boundary melting
sources and sinks for vacancies or they occurs. As shown in Fig. 17, this transi-
do not slide or migrate freely.78 In this tion is rather abrupt and serves as a good
case, the strain rate may increase non- indicator of the presence of a liquid-phase
linearly with stress, and sometimes the effect in superplastic ceramics, whereas
materials may even exhibit a threshold the more gradual rise above the melting
deformation stress. For example, inter- point can be attributed to interface reac-
face reactions involving dislocation glide tions. A similar increase of the stress ex-
or climb result in a quadratic dependence ponent with temperature occurs when a
of strain rate on stress,76 whereas those liquid phase is present in alumina. For ex-
involving nucleation may show an ex- ample, when 2% liquid is added to pure
ponentia dependence on stress.80 At alumina, n increases from 1.1 at 105000
smaller grain sizes, when diffusional to 1.5 at 11500C, as shown in Fig. 17. The
creep is too fast to be ecualed by inter- deformation rate is enhanced greatly by
face reactions, the nonlinear stress de- the liquid (Fig, 10). Once again, Interface
pendence should be accentuated, Solute reactions are suggested as the rate-
segregation or particle pinning may also limiting deformation mechanisms.
hinder diffuslonal creep by restricting Substantially similar deformation char-
grain-boundary sliding or migration, acteristics have been observed for 3Y-
which is generally necessary for grain-to- TZP, although data from various reports
grain accommodation. Similar circum- are slightly more scattered.2 28 -28 This is
stances for Interface-controlled deforma- not surprising because of the composi-
tion may arise when a grain-boundary tional variations of commercial powders
liquid is present,6 1  from different sources. Carry has docu-

A detailed study of 2Y-TZP containing mented such compositional effects2l on
a copper-rich grain-boundary phase has deformation behavior in two batches of
demonstrated the transition behavior be- 3Y-TZP, although further studies are still
tween various mechanisms.2' The stress required to identify the critical elements
exponent, grain-size exponent, activation (probably aluminum and silicon) which in-
energy, and the effect of the amount of fluence the flow stress and ductility. More
copper(ll) oxide, have been determined, interestingly, even 8Y-CSZ appears to de-
From these data, it has been concluded form at rates similar to those of 2Y-TZP
that, in undoped 2Y-TZP, deformation is at a comparable grain size and flow stress
controlled by grain-boundary diffusion. In despite the difference in solute concen-
doped 2Y-TZP, below the eutectic tem- tration and crystal structure.20 However,
perature, deformation is controlled by in this case, superplastic deformation is

2.0- 2.2

* ~ l 10 * Alumina E Alumina/2% liquid
0 Ref. 100 E 2Y-TZP Ref. 75 2.0 0 2Y-TZP/0.3% Cu

1ARf. 82 A 25Y-CSZ Ref. 74 A 2YTZPI % Cu

16 Ref. 13 0 Ref. 54 O .
1.4 2Y-TZP/IICu

R.Ref. 541
Ref. 54 1.6

11.4 1.4

O.Ref. 54
1.2 1.2

Ref. 54

1.0- 1.0

0.1 1 10 100 900 1000 1100 1200 1300

Grain size (gm) Temperature (CC)

Fig. 16. Stress exponent versus grain size for three ceramics FIg. 17. Variation of stress exponent with test temperature Abrupt
increase in 2Y-TZP at 1130C is due to melting of the grain-boundary
phase. Melting temperature of the lquid in alumina is considerably lower
Gradual rise above the melting temperature is attributed to interlace
reactions in both cases
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quickly overtaken by rapid static and dy-
namic grain growth and cavitation. The
available data for other yttrium-stabilized 102.
cubic zirconia of much larger grain sizes • Ref. 54 (0.25% agO) 1400oC
and various compositions7 -74 are also - Ref. 54 1300C
reasonably similar to that for 2Y-TZP 10 A Ref. 82 1350
when extrapolated to comparable grain 0-. 0 Ref. 82 (1000 ppm ZrQ) 13000C

sizes. These data are compiled in Fig. 0 Ref. 13 1500C
15(b). Note also the tendency for the ( 12880C1 1 25 o
stress exponents to decrease with in- 1
creasing grain size, as shown in Fig. 16. 1 280C

The analysis of stress, grain size, and 1 1 2 0C

temperature dependence of the deforma- Cg 1309o
tlon data for fine-grained pure alumina, 1-*
except perhaps at the lowest testing tem- 13130C
perature, is complicated by dynamic 130C
grain growth. At higher temperatures, 1250o0 - -
static grain growth also becomes promi- 12590C 1250
nent and adds to the complexity. How- 12370-

ever, If the Initial strain rate values of
fine-grained alumina'3 are compared with Alumina
the extrapolated values from larger- -. 10
grained alumina reported In the litera-
ture,64, " then the values are generally in
reasonable agreement as shown in Fig.
18. It may also be concluded from Fig. ,
18 that, when magnesia is Intentionally ",
added, it enhances the strain rate by a 0
factor of 3 to 4 at most. Fortuitously, the
flow stress of alumina happens to be of. 1-
the same order of magnitude as that of T*.1300'C
Y-TZP and Y-CSZ of a comparable grain 1 4.o.5 im
size. The activation energy ranges from 10 p.2
450 to 530 kJ/mol1S.64.62 0.500 kJ/mol

At a grain size of 0.5 jm and tempera- O
tures between 12500 and 14000C, defor- 10 100 1000
mation of alumina at low flow stresses is
probably controlled by cation diffusion Stress (MPa)
Wlong the grain boundary, limited by in-terface reactions r, As evidence, the Fig. 11. Strain rate versus stress of alumina. Grain size for Ref. 54

is 1.25 im for both pure and magnesia-doped material, Ref. 82 is 0.96
stress exponent is around 2 and pmwithoutzrcoNaand 0.59 uwithzircorv, Ref. 13is0.51 ion. Range
decreases with increasing grain size as of data for different forming conditions is indicated in the upper figure
shown in Fig. 16, which is consistent with by the symbols at the two qnds of each line. Grain sizes cited here are
the interpretation of interface reaction- 1,56 times the average linear intercept distance between grain bound-naries. Data are replotted in the lower figure after normalization to acontrolled mechanisms. The interpreta- reference temperature TO and a reference grain size d* using values
tion of interface control in alumina is giv- of grain-size exponent p and activation energy 0, as shown. Very good
en further credence by the effect of a agreement between different data sets is apparent,
small amount of grain-boundary precipi-
tates. When 1000 ppm of insoluble zirco-
nia is added to an otherwise pure bility between constituent phases at the
alumina, the creep rate is severely sup- sintering and deformation temperatures.
pressed by a factor of about 20.82 Zirco- These composites are all superplastic,
nia inclusions/particulates also raise the and may serve as model systems of a soft
activation energy to around 750 kJ/mol, matrix (TZP) containing equiaxed, and
which is comparable with that found in presumably harder, inclusions (mullite
alumina/zirconia composites.66.82 Thus, and alumina). The particle shape effect
although pure alumina deforms at about of nonequiaxed hard inclusions on super-
the same rate as 2Y-TZP of a compara- plastic flow has also been considered in
ble grain size, alumina may be consider- the literature 7 but will not be further pur-
ably hardened in a zirconia/alumina sued here.
composite. This is indeed the case, as An essentially insoluble second phase
discussed in the next section. can have two effects on deformation re-

sistance of a fine-grained ceramic: (a) a
(2) Effect of a Second Phase modification of continuum deformation

The effect of a second phase on super- mechanics and (b) a change in interface-
plastic deformation has been investigat- related deformation characteristics. The
ed using 2Y-TZP/mullitel7.18 and first effect can be understood by continu-
3Y-TZP/aluminaO.e65 as model systems. um mechanics, in that the deformation re-
Mullite composition in these studies is off- sistance of a composite may be
stoichiometry, being rich in AIl , to main- determined entirely by knowing the defor-
tain an equiaxed grain/inclusion shape. mation resistance of the constituent
In both cases, there is little mutual solu- phases, after computing the appropriate
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stress and strain distributions in the two. Deformation data for 3Y-TZP contain.
phase composite.6 The second effect is Ing up to 70 vo/o alumina, shown in Fig.
entirely microscopic, usually localized to 19, are also well described by the rigid
grain boundaries and interfaces between Inclusion model. This is surprising, how.
phases, and arises from the alteration of ever, because puro alumina has a defor-
the diffusion path, diffusion rate, and in. mation resistance comparable with that
terface reactions due to chemical or struc- of 3Y-TZP, as noted previously. This ap-
tural modifications of the interface Itself or parent contradiction becomes explicable
of Interfacial phases. Although the con- if we also recall that even a little zirconia
tinuum effect becomes significant only at impurity (1000 ppm) can severely reduce
a substantial volume fraction-for exam- the deformation rate of alumina. There-
pie, 200/083 of the second phase-the fore, although pure alumina is no harder
microscopic effect can be very pro- than 3Y-TZP, alumina in a zirconia ma-
nounced with only a trace amount of ad- trix should behave similar to rigid inclu-
ditives, Both effects have been observed sions, consistent with the data in Fig. 19.
in superplastic ceramics, and in some The continuum rheological model with
cases concurrently, as will be discussed rigid, equiaxed inclusions has thus been
later in this section, verified in superplastic flow of Y-TZP with

At 1350 0C, the flow stress of mullite is both mullite and alumina as a second
2 orders of magnitude higher than that phase.
of 2Y-TZP of a comparable grain The effect of a second phase on the
size,17,18.84 Hence, mullite inclusions in microscopic level is already exemplified
2Y-TZP can be considered rigid. For such by the dramatic hardening of pure alu-
a composite, a continuum model, which mina with a small addition of zirconia.82

pictures the composite flow as a non- This is most likely due to the suppression
Newtonian fluid containing rigid particu- of interface reactions or hindrance of
lates, is appropriate.0 ,17 The prediction of grain-boundry movement by intergranu-
this rheological model is lar zirconia precipitates. Unlike alumina,

= io(l - V)2+fl/2 (3) mullite does not experience such an
anomalous hardening effect caused by

where v is the volume fraction of the rig- zirconia additions. On the other hand,
id inclusions, io is the strain rate of the small additions of zirconia progrsc.ively
reference matrix (taken as the one with and substantially reduce the deformation
an identical grain size but without inclu- resistance of mullite,18 as evident from the
sions), and i is the strain rate of the data shown in Fig. 19, at near 100% mul-
composite. Experimental data for 2Y-TZP lite compositions. This softening effect is
containing up to 80 vol0/o mullite, shown much larger than that expected from a
in Fig, 19, are in very good agreement continuum model that envisions, in this
with this model if mullite is considered to case, zirconia as fluidlike but equiaxed in-
be a rigid, included phase. clusions. Therefore, some microscopic

chemical or structrual effect on the grain
boundary which facilitates diffusion or

161 sliding is again implied.
TZP/mullite (13501C, 70 MPa) (3) Dynamic Grain Growth

163 A perhaps unique mechanism pre-
dominant in superplasticity is dynamic
grain growth.86 Strong strain hardening

. 6 Ilis evident whenever grain growth occurs
Pure during superplastic deformation. This be-

TZP/alumlna (1250*C, 40 MPa) alumIna comes significant In Y-TZP above166 , 1450OC12,. .4o and In pure alumina above

Alumlna+1000 1250C.4lso Strong strain hardening was
-- 3 ppm zirconla- - also observed in 12Ce-TZP and 8Y-CSZ166 Mu, . e at temperatures as low as 12000C.20 The

0 .mechanistic origin of dynamic grain, growth is probably related to grain.
d .,o° pm boundary migration.6 These mecha-

nisns are central features of superplastic-
Ity and are necessary for maintaining an

0 20 40 60 80 100 equlaxed grain shape to large deforma-
tion strains. If grain-boundary migration

Amount of mullite or alumina (vol%) Is stochastic, which Is usual In grain-

1ig, 10, Strain rate as a function of volume fraction of mullite or alu boundary sliding,M and is not over-
mina in two TZP matrices deformed at the same flow stress, Strain rate damped by soluto drag or particle pin-
data have been normalized, using the matrix grain size, to d'. Also in. ning, then it can lead to stochastic grain
dicated on the right are the strain rate of pure alumina, mullite, and growth by chance elimination of certain
alumina with 1000 ppm zirconla, all at a comparable grain size, Two
solid curves are predictions of the rheological model, assuming that grains In the process.87 Experimental
mullite and alumina form rigid, equlaxed Inclusions, Data for TZP/mul- data confirming this interpretation can be
lite are from Ref. 18, and for TZP/alumlna from Refs. 40 and 65. sought by writing the grain growth kinet-

ics in the following form:

d=Bd (4)
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where a is the rate of grain growth and B different in nature in that grain switch-
is a proportionality constant that couples ing,41 grain rotation,5 and grain-shape
the strain rate through grain-boundary transformation, 6 occurring in superplastic-
migration to the grain-growth rate. Thus, ity, do not seem important for diffusional
dynamic grain growth follows the creep. Both considerations may dictate
equation that deformation-stimulated stochastic

grain growth is less likely in diffusional
d=do exp(BE) (5) creep than that in superplasticity.
where do is the initial grain size before Dynamic grain growth introduces
deformation. several complications to the stress-strain

Experiments deliberately conducted in curves and the parameters in the consti-
atemperatrue regime in which static grain tutive equation (Eq. (1)). Using the rela-
growth is negligible (but dynamic grain tion between grain size and strain it is
growth is significant) have verified the possible to recast the standard constitu-
above prediction.20 Figure 20 illustrates tive equation (Eq. (1)) into the following
this behavior for several Ce-TZP ceram- form:
Ics tested in compression under various In o = (Bpln) + In [(dopiJA)" /n]  (6)
conditions. A linear correlation between
In (dido) and t is evident, giving a value From Fig. 20 we find that B approaches
of B of the order of unity. These data unity. If we let p be 2 to 3 and n be 1.5
eventually deviate from the predicted lin- to 2, then Bp/n is between 1 and 2. Using
ear relationship between In d and e. A re- this form, stress-strain curves of Ce-TZP
view of the flow stress at the point of and pure alumina (125000), which all suf-
deviation suggests that it is probably high fer from severe dynamic grain growth but
enough for yielding by slip to occur. no static grain growth, are replotted in
When the lattfer becomes the dominant Fig. 21. Except for initial transients relat-
deformation mechanism, grain-boundary ed to the elastic portions of the stress-
sliding, grain-boundary migration, and, strain curves, data in each branch appear
hence, dynamic grain growth diminish in to have a slope of 2, as expected from
importance, and Eq. (4) is no longer val- the above interpretation. For 8Y-CSZ2o
id because i is no longer solely due to the and alumina at higher temperatures, stat-
boundary phenomena. ic grain growth is also prominent. This

Note that dynamic grain growth never causes a higher strain hardening initial-
has been observed in coarse-grained (cu- ly. At the later stage, as static grain
bic) zirconia71"74 and alumina r4 that were growth decreases with increasing grain
deformed in the diffusional creep regime. size, the terminal slope then approaches
This strongly suggests that, although 2 again. These features are evident from
diffusional creep also necessarily entails their respective stress-strain curves, as
grain-boundary sliding and perhaps shown in Fig. 21. The later leveling-off
grain-boundary migration, the extent of and the eventual drop of the flow stress
these activities is not as significant as in in alumina (14000C) is due to cavitation
superplasticity. Indeed, the sliding and (see Fig. 9(c)).
migration could be qualitatively quite Temperature dependence of deforma-

0.6
T (°C) :(10 "' s")

0.5 01300 1
C3 1300 2 A
A 1300 0.5
01360 3 5

0.4 0 1420 5

A 1500 8 0

-- - : 4 - ;T ( C ) ( 1 0 s " )

0.2 |I1 12Ce-TZP 1300 1

I12Ce-TZP+0.3% calcia 1300 1
0. 8Y-CSZ 1300 1

0.1 0 Alumina 1250 0.15
0 Alumina 1400 2.4

0 0.1 0.2 0.3 04 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5

Strain Strain

Fig. 20. Change in normalized grain size with strain of 12Ce-TZP, in- Fig. 21. Stress-strain curves of -zeramcs undergoing dynamic grain
dicating dynamic grain growth. Data for various deformation conditions growth (Ce-TZP and alumina at 12500C) and others undergoing both
initially fall on a single line Later deviation from the straight line is prob- dynamic and static grain growth Nowe that stress is in logarithmic scale
ably due to plastic yieldinc (see text)
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tion may also be altered by dynamic grain disk was supportd at the rim and was

growth. At higher temperatures, dynam- stretched over a hemispherical punch of
ic grain growth is faster because of a a radius of 6.5 mm. In some experiments,
higher grain-boundary mobility. This to ensure that there was no drawing-in of
causes increasing strain hardening and the material during subsequent stretch-
lowering of the apparent activation ing, a groove was first formed between
energy. matching dies, and the disk was clamped

Major strain C, (4) Summary firmly, as shown in Fig. 23(a). The punch
was advanced at a programmed dis-

A In summary, deformation mechanisms placement rate until a bulged dome of a
A controlling superplasticity in fine-grained height equal to the punch radius was

ceramics are similar to diffusional creep formed. At this point, the surface area of
and are dominated by grain-boundary the dome is approximately twice that of

-- diffusion. Very fine grain sizes and the fre- the base, corresponding to a biaxial en-
.i ; {1 quent presence of a grain-boundary gineering strain of 100%.

• / phase seem to cause interface reactions Figure 1 shows a number of super-
M i to become the rate-limiting step in many plastically punch-stretched ceramics, witho Minor strain E2 instances. The basic deformation charac- their approximate forming temperaturesF teristics of a material can be altered by and times indicated. Generally, the ;-

the addition of a second phase, which quired forming time increases witr, sowercauses hardening or softening, and by forming temperatures. This trend is
dynamic grain growth, which causes shown by the three curves, which broadly
strain hardening. Semiempirical models outline the forming conditions for the
are available to describe the various three groups of ceramics. Among them,

Fig. 22, Dominant strain states of various su- constitutive behaviors observed ex- the zirconia ceramics with grain-boundaryperplastic forming processes (see text for perimentally. additives have the lowest forming temper-references). IV. uperplt Forming ature. Other oxide ceramics, especially

ones with higher alumina content,
(1) Formability Test required a higher forming temperature.

Many attempts have been made to Zirconia/mullite composites behave simi-
form zirconia and other ceramics into larly, altough mullite has not yet been
shapes in the superplastic regime. The made superplastic. In the case of silicon
following forming methods have been at- nitride, 1500*C was necessary for suc-
tempted: uniaxial tension, uniaxial com- cessful punch stretching. Under the op-
pression, bending, extrusion, inverse timal forming conditions, 2Y-TZP with 0.3

Ceramic blank extrusion, and shell forming. These are mol% copper(ll) oxide additive can be
shown schematically in Fig. 22, which in- formed at 1150 0C in 10 min.90 A speci-
dicates the dominant strain states of each men so formed is shown in Fig. 23(b). Ex-
method. Some methods involve tensile cellent surface finish is obtained in all
strain in one direction, such as uniaxial cases, except alumina, by punch
tension and bending (Dli and COO in Fig. stretching.
22). Others are dominated by compres- The strain distribution of the punch-
sion, such as extrusion and inverse ex- stretched object has been measured
trusion (Fs and GOO in Fig. 22). In the using markers inscribed onto the surface
shell-forming experiment (E in Fig. 22) of of the disk before forming.90 This is shown
Mocellin et a/. 89 a balanced tension- in Fig. 24, in which strains are expressed
compression path was used. In bending as true strain. The slight depression
of a wide plate (88 in Fig. 22) plane strain around the pole is due to friction between
tension is encountered. Forming methods the punch and the disk. A detailed anal-
dominated by compression can also use ysis of the forming mechanics, which cor-
powder preforms to achieve densification rectly predicts the strain distribution and
and shaping in one step, for example, in the forming load-displacement curve
sinter forging and extrusion. measured experimentally, has been per-

To evaluate formability of superplastic formed elsewhere.19.90 To understand
ceramics, a punch-stretching test (A in these results and for an order of magni-
Fig. 22) has been developed.90 This test tude estimation, we may approximate the
was initially developed by metallurgists for punch-stretching test as pressure bulg-
evaluating sheet formability of metals at ing from a circular disk to a hemispheri-
roemeaturshe. Borithof mehanical cal shell of the same radius. Because theroom temperature.91 Both mechanical total engineering strain is 100%, the aver-
and practical considerations have estab- age strain is 100, theraver-
lished that such a test is more severe and agte stai frates simply -, where T is

Fig. 23. (a) Schematic of punch-stretching informative than the conventional tensile the total forming time. The forming pres-test used to evaluate sheet formability in blax- suie f on the shell must satisfy the yieldial tension (b) Punch-stretched 2Y-TZP with 0.3 test for the above purpose, at least for criterion.
mol% copper(ll) oxide Note the excellent sur- sheet-forming processes 3.91 In this test,
face finish and the groove around the dome an initially flat ceramic disk was punched f= 2YtIR (7)Formed in air at 1150C in 10 mm at high temperature into a hat shape. The

forming conditions- .e., forming stress, where Y is the flow stress in uniaxial ten-
strain rate, and temperature required to sion at the appropriate strain rate, t is the
successfully complete the operation- thickness, and R is the punch/disk radi-
then provide an indication of the forma- us This bulge pressure is related to the
bility of the ceramic. During forming, the punch load P through
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P=R2f sin2 P (8)
where P is the half angle subtended by 1.0 2Y-TZP+.3% Cu
the edge of the punch contact to the cen- 20-TZ0+0 mu
ter line. At the end of punch stretching, 1200°C,20 fn
when the height of the dome is equal to 0.8
the radius, P is 900 to 690 for tlR varying
from 0 to 0.1. U.Qing Eqs. (7) and (8),
forming pressure, flow stress, and aver- .6
age strain rate can be easily estimated. (a
For example, a typical forming stress for
doped zirconia was 20 MPa at 120000 M 0,
and a strain rate of 3 x 104 s-1. For sili- -
con nitride, a forming stress of 10 MPa
was recorded at 15600C and a strain rate
of 3 x 10-4 s-1.For alumina, successful
punch stretching was achieved at
1450010 with 25 MPa and a strain rate of
3x 10"4 s',

Forming curves in terms of PltoR and 0.0 -
hIR, as a function of time, with to being 0.0 0.2 0.4 0.6 0.8 1.0
the initial thickness and h the punch dis-
placement, are shown in Figs, 25(a) and Distance from pole, rR
(b) for several materials formed under var- Fig, 24. Strain distribution on a punch-stretched 2Y-TZP. Radial strain
ious loading/displacement conditions. (er) and hoop strain (eq) are measured by markers inscribed on the sur-
During forming under a constant dis- face, and the thickness strain (it) is computed from Fr+18+4t-0,
placement rate, the average strain rate of
the stretched material increases mono-
tonically with time, reaching a maximum 200 1.0

at the end. This causes a corresponding 2Y-TZP+0.3% Cu
increase of forming stress. Using a vari- Punch soed.0.011 mnVs

able displacement rate, which is faster in- 11509C 0.8

itially but slower near the end, an /
approximate constant strain rate path can Q.
be achieved. This has the advantage of 0.6
lowering the peak stress without neces- . 100
sarily increasing the total forming time so 0.4 .

that failure probability is reduced.90 A se-
ries of forming curves for a number of su-
perplastic ceramics formed under iis 0.2
more favorable cond;tion are shown in
Fig. 25(b). Another alternative strategy
used to lower the forming stress is to use 0 . 0
a variable temperature ramp, which starts 0 200 400 Soo
forming at a lower temperature and ends Time (s)

a
100 -1.0 100 _ _ _ _ _ _1.0

8. t.0025,,C-s ..
' = .// ~ ~~~~2Y+0.3% Zn, .8 14s 1 f~ .

12500C
60 .) 60 0.6a

217--Y+0.3% Cu,
40 1250C -0.4 U 40 0

/ /-.- . --

p20 ,-~--0.2Z 
20 .-. 0.2 ZZ 2Y/50% mullite, 14600C Z

0 L -0 0- I II -0
0 500 1000 1500 0 1000 2000 3000 4000

lime (s) Time (s)

b c
Fig. 25. (a) Forming load (normalized by punch radius R and initial thickness to) and dome height (normalized by R) versus forming time in a
punch-stretching test Note the sharp increase of forming load with time under the constant punch speed condition (b) Normalized forming load
and normalized dome height versus time for 2Y-TZP with 0.3 mol/o zinc oxide, 2Y-TZP with 0 3 mol/o copper(l) oxide, and 2Y-TZP with 50 mol/o
mullite. ,orming schedule is programmed to achieve a constant strain rate Note that the load increase is gradual and mild (c) Normalized forming
load and normalized dome height versus time for silicon nitride A constant heating rate and a constant strain rate are used, starting at 1480C
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at a higher temperature. An example of for a strain-rate-sensitivity material.38 The
the latter, using a constant heating rate, failure of this correlation, therefore, im-
is shown in Fig. 25(c). We have success- plies that, for superplastic ceramics,
fully formed silicon nitride and alumina deformation stability is still essential, but
using the latter schedule. is rarely the limiting factor for tensile duc-

tility. Indeed, ductilities of superplastic ce-
(2) Fracture Control ramics should be much higher than those

Formability is dictated by the strain to actually observed under most circum-
failure along the appropriate strain path stances if necking were responsible for
representative of the forming route. Ten- failure.
sile ductilities of superplastic metals and As a practical matter, grain-boundary
alloys are known to correlate well with decohesion always limits tensile ductility
strain-rate sensitivity, m (i.e., the recipro- in superplastic ceramics. Although the ex-
cal stress exponent).2 The higher the act mechanisms remain to be estab-
strain-rate sensitivity, the higher the ten- lished, existing evidence supports the
sile ductility. Such a correlation does not opinion that cavitation or grain-boundary
hold for superplastic ceramics, as shown cracking precedes fracture. Thus, cavi-
in Fig. 26(a). To understand this, we re- tation resistance must figure prominent-
call that the physical basis of the ly in evaluating formability. The central
ductility-r correlation is in the stability importance of grain-boundary cohesive
against necking, which increases with m strength, which controls the cavitation re-

sistance, can thus be understood. On the
other hand, for a given material, cavity1000u and crack nucleation at grain boundaries
under creep conditions is relatively insen-
sitive to the temperature but extremely

S1sensitive to the flow stress.8'6 2' 4 The lat-
00 2Y-TZP* @ ter is, in turn, controlled by deformation

100 temperature, strain rate, and strain
0 3Y-TZP(1) FI AA hardening. This would suggest that a bet-

3Y-TZP(2) A ter correlation for formability may be one
3Y-TZP(3) 0 A relating ductility to flow stress rather than

S30to strain-rate sensitivity. The available dataS Y40A for tensile ductilities of all superplasic ce-10 A Y00A, ramics thus far reported, plotted in Fig.N3* 0 26(b), seem to support such a proposi-* Hydroxy8N atIte tion in that a reasonably good correlation0 i-$podumene exists between increasing tensile elonga-tion and decreasing flow stress for eachgroup of materials. Indeed, after normaliz-
0,1 ing the flow stress by the reference stress

Strain rate sensitivity, m that causes failure at 100% elongation for

1000 1a 1000-

A 0 2Y-TZP
100 •100 3Y-TZP(2)

OiY-TZP 0 3Y-TZP(2)
.-

TZP( 
3Y-TZP(3)

U 3V-TZP(3)

0I 3Y-TZP(1) 0 0 3Y20A 0
D" $Y-TZP(2) 0a 3Y40AM 3Y-TZP(3) A3Y0

10 A 3Y60A3Y40A 14 3Y80A
A3Y0A 0 SINISlC 'S S1 C 1.5

A 3Y80A 0 Hydroxyapatite 0 Hydroxyapatite 1
* 5-i6ZA A, B-Spodumene 1 13-Spoduritene
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Fl. 26. (a) Lack of correlation between tensile elongation and strain rate sensitivitj rr Referen, s are 12 for 2Y-TZP; 40 for 3Y rzP(1); 28 for
3Y-TZP(2); 26 and 101 for 3Y-TZP(3); 40 for 3Y20A, 3Y40A, 3Y60A, and 3Y80A, 2k :-:' silicon nitride/silicon carbide; 14 for h;d',;yapatite, and
102 for -spodumene An example of the notation for the composites is that 3Y20A r, ,:ans 3Y-TZP with 20 wt/o alumina (b) C1i0e correlation
between tensile elongation and flow stress (5-16ZA means 5 to 16 volo of 3Y-TZP -n ;:,jmina matrix) (data from Ref. 48, otherwise the references
and notations are the same as for Fig. 26(a)). (c) Close correlation between tensile E )r'ation and normalized flow stress. The flow stress of each
material is normalized by 0l00/0, which is the flow stress in Fig. 26(b) at an elon, :.ion of 100% for each material
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each group of ceramics, a clear trend For reliable, flaw-free forming, the cur-
common to all superplastic ceramics rent practice in the superplastic metal in-
emerges, as shown in Fig. 26(c). This dustry is to use pressure forming in a
may be contrasted with the common ob- configuration where the differential pres-
servation, for superplastic metals and al- sure effects shape deformation while the
loys, of a ductility maximum at an mean pressure suppresses cavita-
intermediate flow stress, which coincides tion.7 . . 0 In theory, a pressure on the or-
with the maximum of strain-rate sensitivi- der of the flow stress should be sufficient
ty.2.3 Because the strain rate sensitivity is for suppression of cavity growth,95.N thus
largely independent of elongation in Fig. avoiding failure. Such an approach has
26(a), ihe strong correlation between been found to be successful for glass-
elongation and flow stress in Figs. 26(b) ceramics, which can be stretched to
and (c) must be regarded as a manifesta- 100% once cavitation is suppressed.9 7

tion of the stress-controlled failure process Because of the propensity for cavitation
unique to ceramics. in many ceramics and the paramount im-

In the case of aumina/3Y-TZP compos- portance of reliability to ceramic applica-
ites, Wakai et al. have previously noted tions, we predict that a similar practice will
that the average alumina grain size corre- eventually be adoped if superplastic
lates poorly with ductility, but that the size sheet forming of structural ceramics
of the largest alumina grains in the com- should become a commercial endeavor.
posites correlates well.46 This observation
seems particularly explicable for alumina,
which Is prone to anisotropic, abnormal Since the discovery of ceramic super-
grain growth. The few large grains in an plasticity in 1986, considerable progress
otherwise fine-grained matrix have a rela. in zirconia and other superplastic ceram-
tively minor influence on the average flow ics has been achieved. In this paper, we
stress (see Eq. (3)) but cause considera- have attempted to provide instructive ex-
ble stress concentrations oecause of their amples from this experience. Through
poorer diffusional accommodation as a these examples, we have emphasized
result of the longer diffusion distances in the importance of structural and process-
their vicinity. Therefore, these grains can ing controls in achieving a superior mi-
cause enhanced cavitation, which is crostructure and formability, the central
detrimental to tensile ductility. Other role of static and dynamic characteristics
stress-concentrating heterogeneities will of grain boundaries and phase bound-
have a similar effect. Likewise, the aries, and the major differences between
deleterious effect of strain hardening on superplastic ceramics and their counter-
ceramic superplasticity is understanda- parts in metals and alloys. With powders
ble, despite its supposedly beneficial in. of ever-improving sinterability and finer
fluence on deformation stability.6  particle size becoming increasingly avail-
Lowering the flow stress and increasing able, a lower sintering temperature,'which
the grain-boundary strength thus provide is synonymous to a more uniform and
the most effective methods for improving finer microstructure, has been achieved
superplastic formability, for several major structural ceramics dur-

For ceramics, the superplastic punch- ing the last few years. Complementary re-
stretching test described above is a much search on physical ceramics has further
more severe formability test than the elucidated some of the basic principles
uniaxial tension test favored by most in- of microchemical and microstructural
vestigators to characterize superplastici- control and directed the way of alloy de-
ty. Generally speaking, fractures in velopment for better deformability and
ceramics are initiated at preexisting flaws ductility. These interrelated materials con-
introduced by preparation steps such as siderations, previously outlined in Fig. 2,
powder packing, sintering, and machin- have now been addressed in some de-
ing. In uniaxial tension, only preexisting tail in this paper. The key issues discov-
cracks perpendicular to the stress axis ered here are summarized in a block
may cause fracture. In biaxial stretching, diagram in Fig. 27 for various structure-
cracks of all orientations are being property-processing relationships. Al-
stressed and may be fatal. Although the though the implementation and specifics
flaw tolerance at the forming temperature may vary from ceramic to ceramic, and
has been dramatically improved in super- further basic and applied research is still
plastic ceramics, most of our failures that desirable, it is cur hope that Fig. 27 will
occurred were brittle in nature, especial- nevertheless provide a sketchy but use-
ly at higher forming rates.' 9 This also sup. ful "road map" to guide future superplas-
ports the conclusion that grain-boundary tic ceramic development.
decohesion rather than necking is the Looking forward, it is our opinion that
failure-controlling event. Because various- most, if not all, ceramics can be rendered
ly oriented cracks are stressed and fail- superplastic at reasonable forming tem-
ure is brittle in nature, biaxial stretching peratures and forming times no higher or
experiments are much needed demon- longer than those currently used in com-
stration tests which should be routinely mercial practice for ceramic sintering. We
performed for superplastic ceramics to believe that our optimism is well based,
ensure their suitability for practical sheet- judging from the experience in zirconia,
forming in applications alumina, silicon nitride, and their compos-
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Microstructure and Composition of Alumina/Aluminum
Composites Made by Directed Oxidation of Aluminum

Else Breval*
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802

Michael K. Aghajanian* and Stan J. Luszcz*
Lanxide Corporation, Newark, Delaware 19714

Two A 2O,/AI composites, grown by the directed oxidation with 120 mesh SiO 2 particles. Material C was similarly pro-
of molten M alloys at 1400 and 1600 K, were investigated by duced at 1600 K with Al alloy e061 (nominally AI-IMg-
X-ray diffraction, optical microscopy, scanning electron 0.6Si). In both cases, the process was stopped prior to
microscopy, transmission electron microscopy, and wet converting all of the metal to oxide.
chemical analysis. The materials were found to contain a The microstructures of the materials were observed at
continuous network of A1 3 , which was predominantly free three levels using optical microscopes, a scanning electron
of grain-boundary phases and was made up of nanometer- to microscope (SEM),t and a transmission electron microscope
mirometer.sibed crystallites, a continuous network of Al al- (TEM),* operated at 120 kV, with an energy dispersive spec-
loy, and isolated inclusions of Ai alloy. No crystallographic trometer (EDS).' Polished sections were observed in the opti-
orietation was observed in the metallic phase, whereas the cal microscope, using reflected light, and in the SEM. Thin
M30 was oriented with its e axis parallel to the growth sections (30 ± 10 14m), which were leached in a 10% HCI so-
direction. The higher process temperature yielded a lower lution to remove the interconnected metal, were observed op-
metal content and less connectivity of the metallic con- tically in transmitted polarized light between crossed nicols
stituent. [Key words: alumina, aluminum, microstructure, to determine the optical orientation of the A12 0 3 phase. Ion-
composites, oxidation.] beam-thinned specimens of the composites were examined in

the TEM.
1. Introduction The phase composition was investigated by the use of ce-

ramography, X-ray diffraction (XRD), wet chemistry, and EDS
DINFORCED ceramic composite bodies have been pro- in conjunction with both the SEM and the TEM. The XRD

ZIduced by the directed oxidation oi Al alloys through pre- was performed on powdered (400 mesh) specimens to detect
forms of reinforcing material.' t The A1203/Ai oxidation the major phases present, and on smooth surfaces (both paral-
reaction product matrix grows at the interface of the oxidant lel and perpendicular to the growth direction) to determine
and the reaction product, and thus is able to incorporate the possible preferred orientation of the constituents. A semi-
reinforcement without disturbance or rearrangement. Con- quantitative determination was conducted based on the inten-
posites with favorable structural properties containing par- sities of the X-ray peaks after background subtraction,
ticulate"3 and fiber' 5 reinforcement have been fabricated. providing results of both nominal composition and orientation.

To more fully understand the family of A120 3/AI matrix Two separate chemical analyses were performed, one ex-
composites that can be.produced by this process, it is first amining the composite as a bulk and the second individually
necessary to obtain basic information about the matrix itself. examining the ceramic and metallic constituents. The bulk
To this end, the formation,6 physical properties,7 and failure analysis was accomplished by melting a powdered (400 mesh)
mechanisms' of unreinforced A120 3/AI reaction products specimen in lithium metaborate and then dissolving the speci-
have been studied. The present paper provides a detailed de- men in a 4% HNO 3 solution, followed by a spectrochemical
scription of the microstructure and composition of selected analysis. The individual analyses were performed by leaching
A120 3/AI materials. It should be noted that the microstruc- a powdered (400 mesh) specimen in a boiling 10% HCI solu-
ture of the reaction product is altered by the presence of a tion and subsequently analyzing the solution and the residue.
reinforcement during the growth process. However, the un- It was assumed that the metallic constituent was completely
reinforced matrix materials represent an appropriate starting dissolved and the ceramic constituent was completely re-
point for the study of these composites. tained. All solutions were analyzed.'

II. Experimental Procedure I11. Results and Discussion

Two A1203/Al materials, designated A and C,7 were inves- (1) Material A
tigated. Each was produced (grown) by oxidizing an Al alloy A low-magnification optical micrograph of an HCI-leached
in air.6 Material A was fabricated at 1400 K with Al alloy 5052 thin section oriented parallel to the growth direction, ob-
(nominally AI-2.5Mg) that was externally doped (coated) served between crossed nicols and a gypsum red I plate ori-

ented 450 to the nicols, is shown in Fig. 1., It reveals a
structure with two distinct layers. The lower layer (i.e., first

V. Chowdbry-contributing editor layer to grow), which accounts for only a small portion of
the sample, measures 2 to 5 mm in thickness and appears
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SUPERPLASTIC CERAMICS

I-Wei Chen
Department of Materials Science & Engineering
University of Michigan
Ann Arbor, Michigan 48109-2136

Large strain superplastic bulge forming of zirconia was recently achieved at
1150"C at a strain rate of close to 10"3s" . In this way, it has been demonstrated
to be a feasible forming technique for oxide ceramics. The key to the success of
the tetragonal zirconia polycrystal as a superplastic ceramic lies partially in its
relatively good powder characteristics, but more importantly in its incorporation
of aliovalent stabilizers which additionally provide solute drag to suppress grain
growth. Its forming characteristics can be further improved by a judicious
addition of a grain boundary liquid phase, at a thickness of no more than 5nm.
An overview of these advances and the parallel development in superplastic
alumina is provided here.

I. INTRODUCTION

Forming of crystalline ceramics is usually carried out at low
temperatures, before firing. The common forming practice in other materials
industries (e.g. metals, plastics and glass), however, is via deformation
processing of dense materials at higher temperatures. The main advantage of the
latter process lies in its greater flexibility for shape and greater accuracy for
dimension, which are especially important considerations for net-shape forming.
Usually, because of the very limited ductility and the very high flow stress of
most crystalline ceramics, such a method is not feasible.

In the last few years, considerable progress has been made on fine grain
superplasticity which promises to fundamentally change the outlook for
deformation processing of some crystalline ceramics. Several oxides, most
notably some partially-stabilized tetragonal zirconia, have been found to have
considerable tensile ductilities, in some cases well over 100%.[15] The flow
stresses are relatively low, of the order of several tens of MPa. The basic
phenomena observed in these ceramics are in accordance with the major findings
in fine grain metals and alloys deformed in the superplastic regime.[6] Notably,
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the strain rate varies with the second or third power of the reciprocal grain size,
and with the flow stress almost linearly.

For practical reasons, it is desirable to achieve a high strain rate at as low
a temperature as possible. This can be achieved by a combination of better
powder processing, sintering and the attainment of microchemical and
microstructural parameters beneficial for ceramic superplasticity. A basic
understanding of these interrelated aspects is particularly helpful for the on-going
effort in developing future superplastic ceramics. These issues are addressed in
the present review.

In the following sections, we first provide a best-case example of the
present practice of superplastic forming. We then review several superplasitcity
studies of fine-grained zirconia to make evident main attributes responsible for
its remarkable flow properties. Lastly, the outlook of superplastic forming for
other ceramics is assessed in view of the state of the art.

II. SUPERPLASTIC FORMING

Many attempts have been made to form zirconia and other ceramics into
shapes in the superplastic regime. In terms of forming methods, the following
have been tried: uniaxial tension,[ 1- 51 uniaxial compression, [7 81 bending,1 91

extrusion,[ 101 inverse extrusion11 0] and shell forming.[ 10 ] These are shown
schematically in Fig. 1.

MAJOR STRAIN E1

D

12 BA

E

1 MINOR STRAIN E2

F
G

H

Fig. 1 Dominant strain states of various deformation
processes. (See Table I for references.)
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TABLE 1: Various Types of Superplastic Deformation Processing

PROCESS EXAMPLE
I I A Bulging Wu and Chen [ 11

B Plane Strain Bending Wakai et al. [91
C Simple Bending Wakai et al. [91,
D Uniaxial Tension Wakai et al. [I]
E Shell Forming Carry and Mocellin [101
F Extrusion Carry and Moceflin [101
G Inverse Extrusion Carry and Mocellin [10]
H Uniaxial Compression Venkatachari and Raj [7]

Some of these methods involve tensile strain in one direction, such as uniaxial
tension (see D in Fig. 1) and bending (C). Others are dominated by
compression, such as extrusion (F) and inverse extrusion (G). In the shell-
forming (E) experiment of Mocellin et al., a balanced tension-compression was
used. In bending of a wide plate (B), plane strain tension is encountered. The
tensile strains in bending are usually quite small.

Recently, biaxial tensile stretching has been demonstrated in our
laboratory.[ 11 ] As shown in Fig. 2, a hemispherical dome can be formed by
bulging a constrained disk using a punch. The biaxial tensile strain at the pole is
a function of the disk thickness, punch radius and dome height. When the disk
is clamped at the edge, a biaxial tensile strain of 30-40%, or an effective strain
of 70%, is reached with a hemispherical shell, if the initial thickness of the disk
is 1mm. The surface of the workpiece has an excellent finish after forming,

jii

Fig. 2. A ZrO2 sample after forming at 1150'C for 10 minutes, with a constant
punch velocity of 0.6 mm/min.
(Disc diameter = 32 mm, thickness = 1 mm.
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and the ceramic is damage-tolerant, up to a critical strain rate of c.a. 10-3/s. The
significance of this demonstration is that it closely simulates the most severe
sheet forming processes in practice where biaxial tension is encountered. Hence,
its success lends considerable confidence to the application of superplastic
forming for the industrial environment.

From a practical standpoint, the forming parameters which are of the
most importance are the strain rate and the forming temperature. A high strain
rate is required to ensure reasonable productivity, and a low forming temperature
is desired to lower the capital cost and reduce tool wear. In the above example
of biaxial tensile stretching, a strain rate of 10"3/s and a forming temperature of
1150°C have been achieved. This means that the forming operation can be
completed in about 10 minutes and that a conventional electric furnace can be
used.

Ill. MICOSTRUCTURAL AND MICROCHEMICAL ASPECTS OF
SUPERPLASTIC ZIRCONIA

Superplasticity is a process dominated by diffusional flow. Thus, the
ability to obtain and maintain a very fine grain size and to enhance diffusion is
crucial. Because of their lower melting temperatures, the deformation
temperature of most metals can be raised without practical difficulty to 0.8 of the
melting temperature. At high homologous temperatures, when the grain size is
lowered to several microns, fast diffusion enhances superplastic flow enough to
dominate. In oxide ceramics, a more reasonable working temperature is
probably limited to between 1000 and 1500C. By calculating the diffusional
creep rate using the available diffusivity data[12] one can easily demonstrate that a
submicron grain size is probably required to achieve a strain rate of 10-4/s at
these temperatures. Since very few ceramics have submicron grain sizes,
ceramic superplasticity did not materialize until Wakai reported on 3Y-TZP in
1986.11]

For more than a decade now, we have known that yttria-stabilized
tetragonal zirconia has a characteristically fine-grained microstructure, which is
uncommon among ceramics. 131 The need for maintaining a submicron grain
size in ihis material was initially motivated by studies of transformation
toughening.[ 13-15] These studies sought to avoid spontaneous tetragonal-to-
monoclinic transformation for which the statistics of nucleation is grain size
dependent.[ 16] The popular use of this material as a tough and strong ceramic
(KIC above 5 MPa m1/ 2 and strength exceeding 1200 MPa)[17] has stimulated
industry to provide commercial powders of excellent sinterability. These
powders can be readily processed to obtain sintered ceramics of grain sizes from
0.3 to 0.5 microns, sufficiently fine to allow superplasticity above 13000C.11] It
is for this reason that 3Y-TZP has become almost the universal choice for
demonstrating ceramic superplasticity in the last few years.

Although the relatively good characteristics of zirconia powders have
contributed to their excellent sinterability, the intrinsic cause of the very fine
grain size is not clear.118] Recently, through a detailed study of grain growth



(a) 2Y.TZP

(b) 2Y.TZPI5O v/o Mullite (W 2Y-TZP/30 vlo Alumina

Fig. 3 Microstructures of (a) single-phase 2Y-TZP and two-phase
composites containing (b) mullite and (c) alumina.

Ceramic Powder Science Ill 611



kinetics guided by crystal chemistry, we have identified the mechanism of grain-
size stabilization in this class of ceramics.[ 19] Essentially, aliovalent solutes,
such as y+3, segregate to the grain boundary of zirconia by the so-called space
charge effect. The mobility of grain boundary is lowered because the solute
cloud must be dragged along as the grain boundary migrates. This also has the
effect of increasing the activation energy of grain growth from that of grain
boundary diffusion to that of lattice diffusion. Among various solutes, the larger
the effective charge, the stronger the segregation and the slower the grain
growth. Furthermore, since the lattice diffusion of larger solutes is slower,
larger solutes are more effective than smaller ones in suppressing grain growth.
In this respect, y+3, being an aliovalent and oversized ion in the host matrix of
ZrO2, and having a relatively large (2.5 mole%) solubility among ceramics,
serves as an effective solute in suppressing grain g,-owth during sintering and
superplastic deformation of partially-stabilized zirconia. An added benefit of
solute segregation to grain boundary is the lowering of grain boundary
energy[20] and, correspondingly, the enhancement of grain boundary cohesion.
For these reasons, Y-TZP has emerged as an excellent superplastic ceramic.

As in metals, second phase particles are very effective in suppressing
grain growth in ceramics. However, for superplastic applications, second phase
particles have to be dispersed uniformly on a submicron scale to be effective.
Furthermore, a suitable choice has to be found in order to maintain reasonable
sinterability in the presence of second phase particles. This poses some
processing problems. At the present time, some two-phase, zirconia-based
superplastic ceramics such as zirconia-mullite and zirconia-alumina composites
have been developed. When properly processed, they can achieve a grain size of
the order of 0.2 micron (see Fig. 3). Nevertheless, they tend to have a higher
flow stress because both mullite and alumina are best considered as hard
inclusions in a soft zirconia matrix.[3,21] Therefore, their superplastic
characteristics are not yet as good as Y-TZP.

The other approach to enhance superplasticity is to increase the
diffusivity in fine grain ceramics. Some systematic attempts have been made in
our laboratory in this direction.[22] In particular, we have investigated the effect
of transition metal dopants on the superplasticity of Y-TZP. Many of the
transition metal dopants, including Mn, Fe, Co, Ni, Cu and Zn, form a low-
melting liquid phase residing on the zirconia boundaries. When the amount of
the additive is properly controlled, it is possible to have a very thin, wetting
amorphous phase along the grain boundary which aids diffusional flow but has
little effect on grain boundary cohesion and other mechanical properties. For
example, when 2Y-TZP is doped with 0.3 mol% CuO, strain rate can be
increased by almost two orders of magnitude (as shown in Fig. 4), rendering
superplastic deformation below 1200*C feasible. More detailed mechanistic
studies have established the chemical composition of the grain boundary phase
as Cu+1, Zr , y+3, Si+4 and 0 -2, with a melting temperature around 1130*C.
Deformation below the melting temperature is apparently diffusion-controlled; it
becomes interface-controlled above the melting temperature.122'
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IV. PROSPECTS FOR SUPERPLASTIC FORMING OF OTHER
CERAMICS

As illustrated in Section II, superplastic forming of zirconia ceramics
looks promising in light of its low deformation temperattr-. high strain rates and
excellent formability. Prospects for repeating the succ ....s of zirconia in other
engineering ceramics, notably alumina, are assessed here.

Unlike zirconia, alumina is much more susceptible to grain growth both
in sintering and deformation. It has a relatively low solubility for nearly all
aliovalent dopants, and is strongly anisotropic in its grain boundary
characteristics. These inherent features of alumina make it somewhat difficult to
apply the same microchemical approach developed for zirconia ceramics. For
example, the introduction of a liquid phase is known to

10-1

40Mpa, 0.33 im

. 10- 2

2Y-TZP + . .3CuO

2Y-TZP

1o-4

..
, 1 0 -5 ,

lo 10. I I I - .

5.0 5.5 6.0 6.5 7.0 7.5 8.0

10000/T (1/K)
Fig. 4 Strain rate versus reciprocal temperature for 2Y-TZP with and without

0.3 mol% CuO. (stress = 40 MPa, grain size = 0.33 im)

drastically enhance abnormal grain growth in alumina[231 and must be used
judiciously. As another example, the space charge concept is difficult to verify
in alumina because of the very low solubilities of most solutes.[24]

To establish base-line data for comparing alumina and zirconia, we have
processed a high-purity alumina and evaluated its deformation characteristics. A
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commercial powder was used as the starting material, followed by milling and
slip casting in the presence of a surfactant. Sintering was conducted at 1250*C
to reach 99% of the theoretical density. (Although the above temperature is
somewhat higher than that used by Sacks et al.,[25] unlike their process, we did
not further classify particles of the as-received powder. Therefore, the yield of
this process is 100%). As shown in Fig. 5, alumina grains are equiaxed and
have an average size of 0.6 micron. Deformation data of this alumina and, for
comparison, of zirconia, are shown in Fig. 6. Essentially, we find that the
deformation temperature of alumina needs to be 50"C above that of pure 2Y-TZP
at a comparable grain size. However, since the sintered grain size of alumina is
about a factor of 2.5 times higher than that of zirconia, another 50°C is probably
required to compensate for this disadvantage. Thus, we are hopeful that pure
alumina can be superplastically formed at slightly above 1300C, and at a lower
temperature if additives are used.

,,100 MPa

'I
-" 10"

II-

ii .1: 10.1,I E . 0 2Y-TZP (0.21 micron)

* Alumina (0.55 micron)

10.6  '
6.0 6.2 64 6.6 6.8 7.0 7.2 7.4

10000/T (1/K)

Fig. 5. Microstructure of alumina Fig. 6. Strain rate versus reciprocal
sintered at 12501C temperature of 2Y-TZP and

alumina

V. CONCLUSION

The recent progress in ceramic powder processing has resulted in much
lower sintering temperatures for several commercial ceramics. A lower sintering
temperature is synonymous to a more uniform and finer microstructure, which
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coincides with the need of superplastic ceramics. With powders of ever-
improving sinterability and finer particle size becoming increasingly available,
further progress in developing superplastic ceramics looks promising.
Comple: aentary research on physical ceramics will elucidate the principles of
microch-.mical and microstructural control and guide the way toward
deformation and ductility enhancement.

More broadly, we must be reminded that while a novel processing
concept, such as superplastic forming of ceramics, appears attractive and even
technically feasible, whether it will be realized or not is largely decided upon by
the market force. We are cautiously confident that, as the demand for advanced
ceramics grows larger in future years, this unique net-shape processing method
will be drawn upon and developed into an industrial process.
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SUPERPLASTIC CERAMIC COMPOSITES°

I-Wei Chen, Department of Materials Science and Engineering, University of
Michigan, Ann Arbor, Michigan 48109-2136

ABSTRACT

Ceramic composites offer the special advantage of microstructural stability
during large strain superplastic deformation. They tend to have both a higher
flow stress and local stress around reinforcing particles, especially when the

* aspect ratio of the inclusions is high. Thus, only equiaxed ceramic composites
are amenable to superplastic forming at the present time.

INTRODUCTION

Superplasticity is phenomenologically defined as the ability of a mateiial to
exhibit exceptionally large tensile elongation during stretching.[ 1-2] It is a
property commonly found in many metals and alloys when the grain size is
refined below several microns and the deformation temperature is above
two-thirds of the melting point.(2] At such small sizes micrograins can flow,
much like sand particles in a water-saturated slip, by way of atomic diffusion
along grain boundaries.[, 3,7 ] These materials intrinsically embody a high
resistance to strain localization, or necking, in tensile deformation because
necking necessarilyentails a higher local strain rate and thus a higher local flow
stress, which will be resisted by the rest of the body.[3,S] Several commercial
processes in metal industries have taken advantage of these high ductilities to
form intricate, large scale components directly into their net shape.[7,9-10]

Compared to monolithic ceramics, composites have the distinct advantage of
superior microstructural stability against both static and dynamic grain growth.
The as-sintered composites usually have a smaller grain size, even though they
may require a higher sintering temperature than the monolithic ceramics made of
either constituent. In particular, a duplex microstructure can be obtained,
i.e., one in which two phases are of nearly equal volume fraction and are both
multiply connected. Known for their fine grain sizes and excellent resistance
against coarsening, many such microstructures have figured prominently in the
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historical development of superplastic metallic alloys (e.g., Pb-Sn and Zn-Al
alloys, a-3 brass, a-13 titanium alloys, and cc-y stainless steel).[2] Duplex
microstructures have also been obtained for zirconia/mullite and zirconia/alumina
composites. These duplex composites can maintain their very fine
microstructures even after large superplastic deformation.

In this paper, we will briefly review the current understanding of microstructural
control and deformation mechanisms of superplastic ceramic composites. Our
attention will be directed to ceramic composites containing two dissimilar
phases, specifically, zirconia/alumina and zirconia/mullite systems. Composites
made of different polymorphs of the same ceramics, such as tetragonal and cubic
zirconia or a'- and 3'-sialons, are not considered here.

MICROSTRUCTURAL ASPECTS

In developing superplastic ceramics, high deformation rate and high ductility are
the primary objectives. Practical considerations further dictate that they should
be achievable at the lowest temperature possible. The basis of materials
considerations concerning a high deformation rate and a low deformation
temperature lies in the constitutive equation of superplastic flow, which can be
expressed in the following form:[2]

i = A an/dP (1)

In the above, i is the strain rate, a is the stress, d is the grain size, n and p are
stress and grain size exponents, respectively, and A is a temperature-dependent,
diffusion-related coefficient which can be expressed in an Arrhenius form. For
superplastic ceramics, n and p are typically in the range between 1 and 3.
Therefore, a high deformation rate and a low deformation temperature can be
achieved by lowering grain size. Additional care must be taken to ensure that the
fine-grained microstructure remains stable under superplastic deformation,
i.e., to prevent dynamic grain growth from taking place, and to keep the grain
boundaries' cohesive strength sufficient in order to sustain high ductility without
fracture. Tetragonal zirconia polycrystal (TZP), which fulfills all the above
requirements,[lI] may be regarded as a prime example of a superplastic ceramic.

To investigate the formability of ceramics containing two dissimilar phases,
composites of zirconia/alumina[ 12"131 and zirconia/mullite[ 14 -151 have been
studied throughout the entire range of composition. Y-TZP with up to 80 v/o of
alumina or mullite are superplastic and have very good formability.[1 1,16]
Among them, composites with a duplex microstructure (i.e. when both phases
have approximately the same volume fractions) have the finest grain size and
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often the lowest flow stress. Examples of the duplex microstructures of
zirconia/alumina and zirconia/mullite are shown in Fig. 1. They have a grain
size of 0.2 pm. Sintered in the temperature range of 1370 to 1480 0C, these
duplex composites can maintain their very fine microstructures even after large
superplastic defomtion.

Figure 1 Microstructure of (a) Y-TZP/alumina composite and
(b) Y-T /mullite composite. (Bar = 0.2 gm)

Considerable microstructural stability is already evident when the second phase
is present at a small volume fraction, typically no more than 10%. This
improvement is especially important for dynamic grain growth. A striking
example is encountered in alumina with zirconia inclusions. While fine-grained
pure alumina is subject to rapid dynamic grain growth, its grain size remains
largely stable during superplastic deformation when 10 v/o ZrO2 is added.

The basic issue of microstructural stability of composites was first addressed by
Zener [171 and was attributed to the particle pinning effect. Superplastic ceramic
composites offer an opportunity to re-examine this effect in ultrafine-grained
ceramics. Let the matrix grain size be d, the particle size be r, and the volume
fraction of the second phase be v. The data from fine-grained zirconia/mullite
and zirconia/alumina, for a volume fraction of the second phase between 1 and
15%, are then found to follow a scaling relation, as shown in Fig. 2, given by
the following equation:

d = atr/vI/ 3 (2)



where ot is about 0.75. Note that Hellman and Hiller have proposed a picture to
envision the scaling relationship by assuming pinning particles residing on every
grain corner. 18l Since a tetrakaidecahedral grain has 24 grain comers, and each
one of them is shared by four grains, it follows that there are 6 pinning particles,
on average, for every grain. The correlation of Eq (1), on the other hand,
implies that only 0.4 pinning particle is appropriated for every grain. In other
words, the pinning condition for real materials seems to be much less stringent
than those envisioned by theorists. This is indeed encouraging from a practical
point of view for developing superplastic composites.
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Figure 2 Grain size d as a function of inclusion size r and volume fraction of
inclusion v. The symbol * denotes mullite inclusion in TZP matrix;
the other symbols are for zirconia inclusions in alumina matrices.

DEFORMATION CHARACTERISTICS

There is a general agreement that deformation mechanisms in superplasticity are
akin to diffusional creep,[ 31 although modifications of the conventional
description[19] are required.[4-6,20"221 The present discussion of deformation
characteristics is confined to comparisons based on the phenomenological
constitutive equation (Eq(1)), The effect of a second phase is rationalized based
on continuum mechanics models for zirconia/mullite and zirconia/alumina

698 Advanced Composite Materials



composites. In both cases, there is little mutual solubility between constituent
phases at the sintering and deformation temperatures. Therefore, their
deformation resistance may be determined entirely by knowing the deformation
resistance of the constituent phases, after computing the appropriate stress and
strain distributions in the composite. [61 The two ceramic composites considered
here serve as model systems of a soft matrix (TZP) containing equiaxed and
rigid inclusions (mullite and alumina).

At 1350C, the flow stress of mullite is two orders of magnitude higher than
that of 2Y-TZP of a comparable grain size. 14-15] Hence, mullite inclusions in
2Y-TZP can be considered rigid. For such a composite, a continuum model
which pictures the composite flow as a non-newtonian fluid containing rigid
particulates is appropriate.[6,14] The prediction of this rheological model is:

j (I -v)2 + 2(3)

where v is the volume fraction of the rigid inclusions, eio is the strain rate of the
reference matrix, taken as the one with an identical grain size but without
inclusions, and i is the strain rate of the composite. Experimental data for
2Y-TZP containing up to 80 v/o mullite, shown in Fig. 3, are in very good
agreement with this model if mullite is considered to be a rigid, included phase.
Note that the model apparently remains applicable Rt a suprisingly high volume
fraction of a second phase.

Deformation data for 3Y-TZP containing up to 70 v/o alumina, also shown in
Fig. 3, are equally well described by the rigid inclusion model. This is
surprising, too, since pure alumina has a deformation resistance comparable to
that of 3Y-TZP. This apparent contradiction becomes explicable if we recall that
even a little zirconia impurity (1000 ppm) can severely reduce the deformation
rate of alumina.[22] Therefore, although pure alumina is no harder than 3Y-TZP
in creep resistance, alumina in a zirconia matrix should nevertheless behave
rather like rigid inclusions, consistent with the data in Fig. 3. The continuum
rheological model with rigid, equiaxed inclusions has thus been verified in
superplastic flow of Y-TZP with both mullite and alumina as a second phase.

The particle shape effect of non-equiaxed, hard inclusions on superplastic flow
has also been considered in the literature.[ 141 When the alumina-to-silica ratio in
mullite is decreased to 1.25 an elongated morphology for mullite with an average
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Figure 3 Strain rate as a function of volume fraction of mullite or alumina in
two TZP matrices deformed at the same flow stress. Strain rate data
have been normalized to account for the grain size dependence with
respect to a reference matrix grain size d* = 0.5 gtm. Also indicated
on the right are the strain rate of pure alumina, mullite, and alumina
with 1000 ppm zirconia, all at a comparable grain size. Two solid
curves are predictions of the rheological model assuming that mullite
and alumina form rigid equiaxed inclusions. Data for TZP/mullite
are from Ref. 15, and for TZP/alumina from Refs. 12 and 13.

aspect ratio of 5 can be obtained in a zirconia/mullite composite. Such elongated
hard inclusions act as short fibers in a soft matrix to strengthen the composite
considerably. Using a shear-lag analysis, we have evaluated the strengthening
effect and expressed the flow equation as

C = CO VI - I +(I + n/2)A (4)

for parallel fibers and
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j= jo ( -v)l + I + nA) ([ + AM) (5)

for random fibers. In the above, A is the fiber aspect ratio (length/radius).
These predictions are plotted in Fig. 4 for various cases of interest.
Experimental evidence for this fiber strengthening effect was reported
elsewhere.[ 14] Considerable stress concentrations, which increase linearly with
the aspect ratio, are also predicted by this analysis.
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Figure 4 Strain rate reduction factor, EIE0 as a function of volume fraction of
inclusions (fibers), v.

As mentioned in the previous section, the presence of a second phase may
substantially stabilize an ultrafine-grained microstructure against static and
dynamic grain growth. Since less than 10 v/o of a second phase is needed for
this purpose, the anticipated hardening effect according to the continuum picture
of Eq (3) is rather mild. Nevertheless, a dramatic change of stress-strain curve
does result from the suppression of dynamic grain growth, which would
otherwise cause strain hardening. An excellent example is afforded by
comparing alumina and alumina/zirconia composites, see Fig. 5. At 10 v/o
zirconia addition, the dynamic grain growth and the accompanying strain
hardening is entirely suppressed.
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Figure 5 Stress-strain curves for alumina. Strain hardening in pure alumina
is due to dynamic grain growth. The eventual decrease in stress in
pure alumina is a result of cavitation.

SUPERPLASTIC FORMING

To evaluate formability of superplastic ceramics, a punch-stretching test has been
developed.[24l This test was initially developed by metallurgists for evaluating
sheet formability of metals at room temperature.[ 25] Both mechanical and
practical considerations have established that such a test is more severe and
informative than the conventional tensile test for the above purpose, at least for
sheet forming processes.[3.25] In this test, an initially flat ceramic disk was
punched at high temperature into a hat shape. The disk was supported at the rim
and was stretched over a hemispherical punch of a radius of 6.5 m. Typically,
the punch was advanced until a bulged dome of a height equal to the punch
radius was formed. At this point, the surface area of the dome was
approximately twice that of the base, corresponding to a biaxial engineering
strain of 100%. The average strain rate is simply -0, where is the total
forming time. For a typical forming time of 30 min. in the laboratory, the
average forming strain rate is 5.5 x 104 /s.
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Fig. 6 shows two superplastically punch-stretched zirconia/mullite,
zirconia/alumina composites with their approximate forming temperatures and
times indicated. Generally, the required forming time increases with lower
forming temperatures. Composites with a higher alumina or mullite content
require a higher forming temperature. Excellent, glossy surface finish was
obtained in all the zirconia-rich composites. The surface appearance was less
glossy when the zirconia content was less than 20 v/o.

Figure 6 Punch-stretched (a) Y-TZP/alumina composite and
(b) Y-TZP/mullite composite.

Wakai et al. have previously noted that, in the case of alumina/3Y-TZP
composites, the average alumina grain size correlates poorly with ductility, but
the size of the largest alumina grain does well.[26] This observation seems
particularly explicable for alumina, which is prone to anisotropic, abnormal grain
growth. Since the few large grains in an otherwise fine-grained matrix have a
relatively minor influence on the average flow stress (see Eq (3)) but do cause
considerable stress concentrations due to their poorer diffusional accommodation
as a result of the longer diffusion distances in their vicinity, they can cause
enhanced cavitation, which is detrimental to tensile ductility. Other stress-
concentrating heterogeneities in ceramic composites will have a similar effect. In
particular, when non-equiaxed reinforcing particulates are present, the very
significant stress concentrations[ 141 at these particles will inevitably degrade the
damage tolerance to render large tensile ductility unattainable. It is probably for
this reason that no fiber, whisker, or platelet reinforced ceramic composite is
superplastic to our knowledge.

CONCLUSIONS

Since the discovery of ceramic superplasticity in 1986, considerable progress
in superplastic ceramics has been made in the last four years. Several
ceramic composites have now been reported to be superplastic, including
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zirconia/alumina, zirconia/mullite, and silicon nitride/silicon carbide. In this
paper we have attempted to provide instructive examples drawn from this
experience. In general, composites offer an advantage of microstructural
stability against coarsening, but they tend to have a higher flow stress and local
stresses around hard phases. At presentl ceramic composites containing
reinforcement fibers, whiskers, or platelets are generally not amenable to
superplastic forming.
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IlI. TAILORING GRAIN BOUNDARY MOBILITY

Tetragonal zirconia is the first superplastic ceramic ever reported. Its grain size of 0.3 im in

Y-TZP is unusually easy to achieve by conventional sintering techniques. Moreover, this grain

size is rather stable during large deformation at elevated temperatures. Such a remarkable

microstructural stability has not been fully explained in fundamental terms prior to the research of

this project. By a set of systematic experiments, we were able to conclude that the observation is a

classic example of space-charge solute drag on grain boundary. Indeed, this provides a definitive

example of solute drag in oxide ceramics. Moreover, we demonstrated that a one-to-one

correspondence between the deformation behavior (e.g., stress-strain curve) and the grain

boundary mobility exists (see 2.1) and that both can be tailored by switching on a certain amount

of solute drag. The latter controls the grain boundary mobility and thus affects dynamic grain

growth which in turn impacts the flow stress.
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3.1 'Sintering and Grain Growth in Tetragonal and Cubic Zirconia"
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SINTERING AND GRAIN GROWTH IN TETRAGONAL AND CUBIC ZIRCONIA

I.G. Lee and I-Wei Chen
Department of Materials Science and Engineering
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ABSTRACr

The different sinterability of tetragonal and cubic zirconia can be attributed to their
different behavior of grain growth. Growth rate of cubic grains in 8 m/o Y2 03 -ZrO2 was
found to be 30 to 250 times faster than that of tetragonal grains in 2 nMo Y20 3-ZrO2.
Although grain growth in both materials follows the parabolic law, the activation energy is
105 Kcal/mole for the tetragonal zirconia and 69 kcal/mole for the cubic zirconia.
Measurements of dihedral angles revealed a larger grain boundary energy in the cubic
phase than in the tetragonal phase. The possible origins of their different behavior are
discussed.

INTODUTON

In order to achieve full densification, excessive grain growth has to be suppressed in
firing. Experience with zirconia systems has provided ample evidence that the grain size of
the cubic phase is much larger than that of the tetragonal phase, suggesting the possibility
of a lower sintered density in the cubic phase regime. Indeed, this is confirmed in many
zirconia systems. As an example, Fig. 1 shows the compositional dependence of sintered
densities of ZrO2-Y20 3 and ZrO2-1n20 3 ceramics. The decreased densities in the cubic
phase are quite evident for both. Examinations of the sintered microstructures revealed
large cubic grains containing intragranular pores in the cubic phase regime. Thus the role of
grain growth in sintering of zirconia ceramics appears to be a classical one: a faster grain
growth causes pore detachment from grain boundaries, preventing full densification. To
afford a better control of sintering of these ceramics, it is clearly necessary to understand
the mechanistic origin of the large disparity of grain growth in the two zirconia phases. The
purpose of this paper is to report on the grain growth kinetics and grain boundary
characteristics for both tetragonal and cubic zirconia, and to provide a rationale for their
different behavior.

EXPERMIENTAL

Coprecipitated zirconia powders containing 2 to 8 m/o Y20 3 were used in this
study. Pellets were sintered between 13000C and 17000 C in air for various time. Grain
sizes were measured by the linear intercept method, with the reported values being 1.56
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sintering. The activation energies were not determined, since they will be affected by the
activation energy of densification. The latter has been reported to be around 96 Kcal/mole
for CaO stabilized cubic zirconia (13 m/o CaO).[1]

Our results on both tetragonal and cubic zirconia demonstrate that both undergo
normal grain growth in the temperature range studied. The activation energy of the
tetragonal phase is higher than the cubic phase. Although there has been no systematic
report on grain growth of tetragonal zirconia in the literaure to the authors' knowledge, our
findings on cubic zirconia are consistent with a previous study of CaO stabilized cubic
zirconia (16 m/o CaO) which gave a growth exponent of 0.4 and an activation energy of 80
Kcal/mole.[2]

Two considerations of normal grain growth are (a) driving force and (b) mobility of
grain boundaries. The dihedral angle mea urements have established that the driving force
for grain growth is the largest for cubic zirconia, intermediate for cubic or tetragonal grains
in a mixed-phase matrix, and smallest for an entirely tetragonal zirconia. Although this
aspect is consistent with the contrasting grain sizes of the two phases in all three types of
microstructures, it can not be the sole reason for the much faster growth rate in the cubic
phase. Our data indicate that a difference of up to 250 times is seen in the rate constant K,
yet grain boundary energies differ by less than a factor of 2. Further explanation must be
sought elsewhere to explan the rain growth behavior.

It appears that the mobility of the cubic gans is much higher than that of the
tetragonal grains. One possibility is that the boundary diffusivity of the cubic grains is
higher. This can be explained by referring to the theory of Borisov et a/.[3]which couples
the thermodynamic consideration to grain boundary diffusion,

- ART ln (Db/Dl) (5)

In the above, yb is the boundary energy, Db is the boundary diffusivity, D1 is the lattice
diffusivity, A is a geometric constant related to the atomic area on the grain boundary and
to the jump statistics, and RT has its usual meaning. This model has been verified in many
metallic alloys[4] and at least in one ceramic system (i.e. ytria-doped alumina)[5]. Hence a
lower boundary energy is predicted to be accompanied by a lower boundary diffusivity and
a higher activation energy. This prediction is consitent with our data, if we assume a
proportionality between K and boundary diffusivity.

The large difference in grain boundary energies and diffusivities in the two phases
could be due to a different behavior of solute segregation in the two materials. For
example, an enrichment of yttrium on the tetragonal boundary but not on the cubic
boundary can generate such an effect. Indeed, for certain solutes which segregate over a
longer spatial extent, it is expected that boundary mobility may be controlled by solute
drag, which involves lattice diffusion. The activation energy for grain growth in tetragonal
zirconia is 105 Kcal/mole, which is comparable to that of self diffusion of yttrium cations
in a yttria stabilized cubic lattice (102Kcal).[61 The activation energy of boundary
diffusivity in yttria stabilized cubic zirconia is 70 Kcal/mole,[6) which is closer to the
activation energy for grain growth in cubic zirconia. It should also be noted that the
presence of a grain boundary glassy phase in tetragonal zirconia could decrease the
apparent grain boundary energy and increase the diffusion distance across the boundary.

It is recalled that both ionic conductivity[7-8] and densification rate in hot pressing[9]
exhibit a strong yttria compositional dependence in the present system. That is, both cation
and anion (lattice) diffusivities increase when the yttria content increases from 5 to 8 m/o.
Although this phenomenon of enhanced kinetics is pronounced and probably general in all
lightly doped zirconia ,[10] its magnitude is still a factor of 3 to 10 smaller than the
enhancement of the rate constants K in grain growth in the same compositional range.
Nevertheless, together with the consideration of grain boundary energies, it could present
an alternative rationale for the observed different growth behavior.

Concerning sintering schedule, Wu and Brook[1 1] suggested that fast firing to higher
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times the average intezept lengths. Grain growth in initial and intermediate stage sintering
was investigated at 14000C for shorter time, using rapidly heated specimens. Dihedral
angles between tetragonal and cubic phases were measured using specimens containing
both phases (at 4 Wo and 6 mc, Y20 3).

RESULTS

Data of grain size of 2 and 8 m/o Y20 3 as a function of sintering time are shown in
Figs. 2 and 3. Between 13000C and 17000C, the 2 m/o Y2 0 3 samples are entirely
tetragonal; while at 8 m/o Y20 3 , they are entirely cubic. Both sets of data obey the
parabolic growth law,

d2 - do2 = K (t-to) (1)
where d is the grain size at time t, do is the grain size at time to, and K is a rate constant.
The rate constant for the cubic phase is 30 times to 250 times larger than that for the
tetragonal phase, reflecting a ratio of grain sizes of 5 to 10. The activation energies of the
rate constants are 105 Kca/mole for the tetragonal grain growth and 69 KcaI/mole for thecubic Fman growth, as shown in Fig. 4.

Grin' growth in the two phase regimes are difficult to assess quantitatively, due to
the lack of compositional contrast between the two phases in scanning electron microscopy
and the poor statistics for grain size measuements in transmission elctron microscopy.
Nevertheless, qualitatively, we were able to identify the cubic grains which always grow to
larger sizes than those of the tetragonal grains. This is the case both for 4 m/o Y203, when
the cubic grains are mostly surrounded by the tetragonal grains, and for 6 m/o Y20 3, when
the cubic grains form a continuous majority matrix. Dihedral angles at triple points of two
cubic grains and one tetragonal grain are related to the cubic grain boundary energy ytcc and

the c/t phase boundary energy ytc. This can be seen in Fig. 5a. Likewise, dihedral angles at
triple points of two tetragonal grains and one cubic grain are related to the tetragonal grain
boundary energy yt and ytc' as shown in Fig. 5b. The dihedral angle Occ in Fig. 5a is

smaller by about 300 than the dihedral angle Ott in Fig. 5b. Using the following
relationship

2yt cos(Ott/2) = ytt (2)

2"ytc cos(OcJ/2) = ycc (3)

with the dihedral angles listed in Table 1, the ratios of interfacial energies were determined.

Table 1. Measured dihedral angles

4n&Y2Q3  6 m/ YL2Q 3

It 134±70 131±70

f If97±110 105±100

Their average can be represented as the following ratios

'Ycc : Ytc :Ytt = I : 0.76 : 0.63 (4)
Grain growth in the initial and intermediate stages was also investigated.These data

will be published elsewhere. At 14000C, it was found that the densification rates of 2 m/o
and 8 m/o samples are essentially the same during the initial and intermediate stage of
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temprtr is preferrable for sintering zirconia. Their suggestion was based on the
observation that the activation energy of densification [1] is higher than that for grain
growth[2] in CaO stabilized cubic zirconia.[2J While this recommendation is sound for
cubic zirconia, it is not likely to be useful for tergonal zirconia in view of the much higher
activation energy of grain growth reported in this study. Indeed, our experience found that
slow firing at low temperatures yielded the best results for tetragonal zirconia in most
cases.
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Grain growth kinetics and grain-boundary segregation of divalent and trivalent cations which also serve as tetragonal
12Ce-TZP and 2Y-TZP, containing divalent to pentavalent stabilizers. According to the space charge theory outlined
cationic dopants, were studied. In all cases, normal grain above, they are expected to segregate to grain boundaries.
growth following the parabolic growth relation was ob- If so, they may also exert a solute drag on the motion of
served at higher temperatures. The mobility of grain grain boundaries. Inasmuch as grain size control is an essential
boundaries was suppressed by the addition of divalent and tool for tailoring mechanical properties of transformation-
trivalent cations, unchanged or enhanced by the addition of toughened TZPs, with a direct consequence on their com-
tetravalent and pentavalent cations. Larger cations have a pressive strengths, tensile strengths, fracture toughness,
stronger effect in suppressing grain growth. From ESCA, superplasticity, and thermal stability, an understanding of the
AES, and STEM analysis of the near grain-boundary re- space charge phenomena and their relationship to grain
gions, it is further concluded that only divalent and trivalent growth is of considerable interest.
cations segregate. These observations can be satisfactorily We have selected a Ce-TZP, containing 12 mol% CeO 2, as
rationalized using the space charge concept and the model a base material and studied the effect of a number of dopants
of impurity drag. [Key words: grain growth, tetragonal zir- on its grain growth and segregation behavior. This base ma-
conia polycrystals, segregation, grain boundaries, dopants.] terial was chosen because it remained in the single-phase te-

tragonal field when a small amount of dopants, ranging from
I. Introduction divalent to pentavalent cations, were added. To gain further

insight into the energetics and kinetics of the segregation and
N THE space charge theory of Frenkel,t later extended by grain growth behavior, dopants of different ionic radia are
Eshelby, Koehler, and their co-workers,' surfaces, grain contrasted. In addition, several other TZPs were studied to

boundaries, and dislocation cores in an ionic crystal are pre- further verify the space charge concept.
dicted to possess a net charge and to have a region of space
charge of the opposite sign adjacent to these lattice discon- II. Experimental Procedure
tinuities. While in theory the types of surface and space
charges are dependent on the formation energies of point de- High-purity 12Ce-TZP* and oxide or carbonate powders
fects (vacancies and interstitials) in pure ionic crystals, it is were used as starting materials. Except where noted, dopant
more likely, as in almost all practical cases, that they are dic- concentrations were fixed at 1% substitution of the total
tated by the effective charge of the aliovalent impurities, cation sites. The powder mixtures of 12Ce-TZP and the desig-
Physically, if dopants of a positive (negative) effective charge nated amount of additive oxides were attrition-milled in an
are present in the bulk, then the surface, in thermal equi- alumina jar using zirconia milling media with a polyclec-
librium, must possess a countercharge which is negative (posi- trolyte. The milled slurry was cast, under a pressure of up to
tive). The dopants, in turn, must segregate to the region 1 MPa, into cakes with a diameter of 47 mm, which were
adjacent to the surface as a space charge so that the bulk of dried and isostatically pressed at 400 MPa. The green density
the crystal remains essentially neutral. The role of Schottky after isopressing was between 60% to 65% of the theoretical
defects is merely one which mediates the above solid "elec- density. Samples of 2Y-TZP and other TZPs were prepared
trolyte," although any tendency toward binding between similarly, except for a smaller dopant concentration ot 0.6%
point defects and dopants to form neutral complexes can substitution of the total cation sites when specified.
sharply reduce both the surface and the space charge.' Ex- Sintering was performed in air at a constant heating rate of
perimental evidence for the above behax )r, the most defini- 10°C/min up to the desired temperatures, held there from 3 to
tive one being found in alkali halides, has been previously 70 h, and then cooled in the furnace. In the case of indium
reviewed by Kingery.4 In comparison, systematic studies of additions, samples were packed in powders of the same com-
such effects in oxides have been lacking, although some lim- positions to reduce the effect of indium volatization. The
ited data exist in MgO s'6 and A120 3.

7  density of the sintered specimen was determined by a water
Tetragonal zirconia polycrystals (TZPs) are a class of dis- immersion method and the phase content was analyzed by

torted fluorite structure oxide ceramic which have an appre- X-ray diffractometry. For grain growth studies, only samples
ciable solubility, of the order of a few percent, for a large of a density better than 99t7(, and of 100% tetragonal phase,
number of cationic dopants. The majority of such dopants are were used.

To reveal the grain boundaries, thermal etching for 5 min
at 50'C below the sintering temperature was used. Grain sizes
were measured on SEM micrographs by multiplying the aver-
age linear intercept of at least 5W0 grains by 1.5.

All the specimens could be fractured intergranularly at
room temperatures. This feature allowed the use of X-ray
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the grain boundaries. A Perkin-Elmer PHI 5400 ESCA' with important considerations for tetragonal solubilities in this
Mg and Al targets was used. Since the ESCA signals came class of oxides. The lattice contraction in the presence of
primarily from elements on and within a distance of I to 2 nm "oversized" dopants, e.g., Mg2  and SC3 , is due to the oxygen
from the surface, such measurements are representative of vacancies they create.
the near grain-boundary compositions. To determine the
depth distribution of the composition, argon ion beam sput- (2) Grain Size and Grain Growth Kinetics
tering, at 3 kV and 10 mA/mm2 , was applied to progressively Table II illustrates the progression of grain sizes, after sin-
remove the near grain-boundary materials. Auger electron tering at 14C)TC tor 2 h and annealing at 1420°C for 12 h, of a
spectroscopy (AES) was similarly performed using a JEOL series of 12Ce-TZP with different dopants. Selected micro-
JAMP 30,t operated at low voltages. Scanning transmission graphs are shown in Fig. 1 to demonstrate the different grain
electron microanalysis (STEM) of the grain-boundary region sizes. The grain size increases in the following order of
was also performed using a JEOL 2000 FX analytical electron solutes:
microscope$ equipped with a high-angle beryllium-window Ca2  < Mg2+ < y3+ < Yb 3+ < In3  < Sc+
XEDS detector,' to complement the ESCA and AES analysis.

< Ce 4+(base composition) <_ Ti4+ < Ta5  _ Nb 5+

III. Results and Analysis A comparison of the above ranking with the data of ionic

(1) Charge, Solubility, and Vegard's Slope radii and charges of the solutes leads to the following obser-
To evaluate the effect of the ionic size of dopants and the vations: (a) solutes of a lower valence are correlated with

strain energy thereof, lattice constants of ZrO 2-MO solid so- smaller grain sizes; (b) solutes of a larger radius are correlated
lutions are required. Most data of solubilities and Vegard's with smaller grain sizes. Within the above series, there is no
slopes of the binary solid solutions in the tetragonal ZrO2- exception to the above correlations.
MO. phase field are available in the literature or from prior We have obtained data of grain growth kinetics over a
work in our laboratory.'° -20 When necessary, they have been range of temperatures for the 12Ce-TZP doped with I mol%
checked by precision X-ray measurements in this study. These Ca, Mg2+, y 3+, yBa+, in3+, and S 3  in order to substan-
data are summarized in Table I for all the solutes studied tiate the above observations. In addition, undoped 12Ce-TZP
here. The reported solubilities are for the tetragonal phase at was also studied. We have plotted, in Fig. 2, the data of
1300C, and the Vegard's slopes are for the unit-cell volume at 1420'C assuming the following equation holds:
room temperature. (Despite the phase change, the unit-cell d" - do = K(t - to) (n = 2,3) (1)
volume of both the tetragonal and the cubic phase usually
follows the same correlation AVIVo = aC, where V0 is the (ex- In the above, d is the grain size, at time t, do is the refer-
trapolated) volume of pure ZrO2, C is the mole fraction of ence grain size at time to, and K is a temperature-dependent
solute, and a is the Vegard's slope.2' Thus, the data on the rate constant. When n = 2, this is the so-called normal grain
unit-cell volume of these two phases have been used inter- growth equation. In the above we have chosen, in most cases,
changeably.) While these data may not be necessarily perti- the reference point as the 3-h sintered one, provided the den-
nent for phenomena occurring at other temperatures or for sity at such time has already achieved 99%. Otherwise, a
ternary systems, it is obvious that the solutes studied here do longer to is chosen to ensure the same high density. On a log-
cover a broad range of charges, sizes, and solubilities, so that log plot, a good fit to Eq. (1) should have a slope of unity.
any systematic dependence of segregation and grain growth Using this criterion, we find that the parabolic law gives a
on these parameters, if it exists, should become apparent better representation of the data at 14200 and 1500°C, while
from our results. In terms of ionic sizes, among the divalent the cubic law seems more satisfactory at 1300'C. It is also
solutes, Mg 2+ < Ca2 ; among the trivalent solutes, Sc3' < noted that the relative order of the grain size among TZPs with
In < Yb < Y ; among the tetravalent solutes, Ti < different dopants remains the same throughout the tempera-
Zr"+ < Ce+; among the pentavalent solutes, Nb = Ta . It ture range studied. To make this clear, the temperature de-
is also interesting to note that both Ca 2 and In' +, which have pendence of the rate constant in the parabolic law is plotted in
the smallest Vegard's slopes among aliovalent dopants, have Fig. 3, with the activation energy given next to the Arrhenius
the largest solid solubilities. On the other hand, isovalent dop- lines. A systematic decrease of the activation energy with in-
ants (Ti" and Ce") all have large solubilities in ZrO2 irre- creasing mobility is now apparent. Lastly, we note that the
spective of sizes. Clearly, both charge and size mismatch are ranking of the solute in terms of its effect on grain size is the

same as that found in Table II. For example, at 1420'C, in
Fig. 2, Ca 2' < Mg2+ < y3+ < Yb3+ < In + < Sc 3+ < Ce4+

'Perkin-Elmer, Eden Prairie, MN (base composition).
IJEOL, Tokyo, Japan In the theory of normdl grain growth, the rate constant in

'Tracor-Northern, Middleton, WI. Eq. (1) can be expressed as
K = 2My, (2)

Table I. Ionic Radius, Volume Misfit,

and Solubility of MO, in ZrO 2  In the above, M is the mobility of the grain boundary and y is
Ionic radius* Solubility the grain-boundary energy. It is M, not y, that can often be

(nm) Vegard's slope' (mol% MO,-) Ref varied drastically by solute additions. Since the grain-boundary
Mg2 ' 0.089 -0.223(c) I I1 energies of these TZPs are not known, although they are not
Ca 0.112 0.095(c) 5 12 expected to vary by more than a factor of 2 to 3, we shall
Sc3' 0.087 -0.113(t) 6 13 let y = 0.3 J/m in order to compare the mobility in doped
In ' 0.092 0.012(t) 9 13 12Ce-TZP with data of other oxides compiled by Yan et al.22

Yb3' 0.099 0.067(t) 5 13 Also available are *he mobility data of 2Y-TZP and 8Y cubic
y3+ 0.102 0.077(t) 5 14, 15 zirconia published recently by our group.' These data are
Ti 4 ' 0.074 -0.172(c) 15 16,17 shown In Fig. 4, in which T,,, the melting temperature, has
Ce 4' 0.097 0.179(t) 17 18, 19 been used for temperature normalization (T,, = 2700'C forNb5' 0.074 0.041(t) 20Ta5' 0.074 0.041(t) 20 ZrO 2). Clearly, the mobility of zirconia grain boundariesTas+ 0.07 0.41(t 20covers a fairly broad range at any given temperature For
'Reference 10 All for 8-fold coordination Ionic radius of Zrcr"

0084 nm 'AVIVo = aC (a = Vegard's slope. C = solute mole fraction example, a 12Ce-TZP doped with I moll CaO has a mobility
VQ = unit-cell volume of pure ZrO.) comparable to 2Y-TZP, while the 8Y cubic zirconia has a mo-
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Table I. Grain Sizes of 12Ce-TZP + 1 mol% MO.
2+ 3+ 4+ 5+

Solute Ca Mg Y Yb In Sc Ce Ti T, Nb

Grain size (A.m) 1.04 1.56 1.75 1.86 2.15 2.36 2.93 3.03 3.20 3.29

bility at least an order of magnitude higher than 12Ce-TZP. It Because of the low bulk solute content, a direct determina-
is also clear that the mobility of zirconia is not out of line tion of the enrichment factor was not possible. As an alterna-
with other ceramics when compared at the same homologous tive, the following semiquantitative analysis was performed.
temperature. The activation energies and the prefactor of mo- We normalized the dopant peaks, PD, at the grain boundary
bilities are listed in Table III. by the host Zr peak, Pz,, with the relative elemental sensitiv-

ity factor ' taken into account in the following way:
(3) Solute Segregation in Ce-TZP

Direct evidence of solute segregation at the grain boundaries
of 12Ce-TZP was obtained by ESCA, AES, and STEM. Typi- where Co is the bulk solute concentration (1% in most cases).
cal ESCA spectra demonstrating the above are shown in In the above, integrated peak intensity was used for PD and
Fig. 5(A), in which both the spectrum taken from the as-frac- Pzr, and the sensitivity factors were taken from Ref. 23. The
tured, intergranular surfaces and that after 3-min sputtering enrichment factor SD thus defined serves as an approximate
are compared. Using this teLlhnique, we have verified the seg- index of the extent of grain-boundary segregation. The results
regation of Mg 2+, Sc 3 , In3", and Y3 . The level of segregation are shown in Table IV,
for In31 is somewhat higher than the rest of the trivalent We have performed a similar analysis using AES for the
group. This was presumably due to its volatility, which would Ca-doped and Yb-doped 12Ce-TZP. The enrichment of Ca2+

drive In31 toward grain boundaries to escape therefrom. The can be seen in Fig. 5(B). Using the procedure above and
segregation of Ta5 , Nb"* and Ce" was not detected. It Eq. (3), we obtained an enrichment factor equal to 5. The
should also be noted that Si peaks were searched for but not low-energy peak of Yb3 cannot be differentiated from Zr"
found in the above experiment. However, when 0.5 mol% of peaks, unfortunately, because of peak overlap. Higher-energy
Si0 2 was intentionally added to 2Y-TZP, a Si" peak was de- peaks were not possible because of surface charging prob-
tected on the grain boundary. Lastly Ca2 , Yb3 , and Ti" lems. The AES results are also given in Table IV.
were not detected because of their low sensitivity factor or We have examined thin foil samples of Ca-doped 12Ce-
the overlapping peaks of Zr" and these elements. TZP using STEM. The signal of Ca 2 was detected readily at

Ce Nb

4'49

Fig. 1. Microstructure of 12Ce:[ZP sintered at 1400C for 2 h and annealed at 1420 C for 12 h, dopant, indicated
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i (4) Segregation in Other TZPs
10 11---0 100In 2Y-TZP (containing 3.9 mol% YO1 ), y 3  was found

1 10 10oo to segregate at the grain boundary, with an enrichment ratio
TIME (hr) of 1.9 according to ESCA results. Thus, cationic dopants

from divalent to pentavalent ones were added to study co-
segregation of Y3 + and the dopants. In addition, we have

Fig. 2. Grain growth kinetics of 12Ce-TZP at 1420°C;, dopants studied the effect of annealing atmosphere on segregation.
indicated. These results are summarized in Table V. When dopants at a

concentration of 0.6% substitution of cation sites were added,
we found all except Ce4+, Ti 4", Nb 5+, and Ta5 + segregated to
the grain boundary. In the case of Ce' /Ce3 , after annealingthe grain boundary, with a beam size of 5 nm, but not within at 1300 for 1 h in argon or hydrogen, Ce3 was found to seg-

the grain. It should also be noted that Si-rich pockets could at 0ror 1 h ina n o dre Oewasfu t seg-someime bedetcte atthetripe jnctonswit a -nm regate strongly at the grain boundary. Overall, the segrega-
sometimes be detected at the triple junctions with a 1-nm tion behavior of dopants in 2Y-TZP is exactly the same as
glassy layer extended into all three grain boundaries. Si peaks that found in 12Ce-TZP, despite the different segregation
could be seen from microanalysis of those regions. Similar
observations were made on Yb +-doped samples. tendencies of Y and Ce"' themselves.

Summarizing the above data from ESCA, AES, and We have also studied two other TZPs with trivalent stabi-
STEM, we find Ca , Mg2 , and In segregate strongly, Sc3+  lizers. These are a Sc-TZP with 6.2 mol% SeO 1s and an In-STEM, we fnd Coab, M and n segregate strongtely, Sc other TZP with 8.6 mol% InO, 5. In both cases, segregation of the
and y3  (and probably Ybn) segregate moderately, and other trivalent stabilizers at grain boundaries was detected bydopants, including Ce' , do not segregate or could not be ESAThsreutaealoum ridinabeV

3tudied. In addition, a Si-rich glassy layer exists at grain ESCA. These results are also summarized in Table V

boundaries. (5) Concentration of Dopant
Since Ca 2  appears to be the most potent dopant for sup-

pressing grain growth, it is of practical interest to examine
the effect of Ca 2" concentration. We have measured the rate
constant K in Eq. (1), for n = 2, at 1420'C for several Ca2"

Oconcentrations. As shown in Fig. 6, the rate constant de-
00 • Ce (393kJ/mol) creases monotonically with Ca2" concentration between 0 and

0 A Sc (399kJ/mol)
E a Yb (404kW/Mol)

=:L 0 Y (488kJ/mol)
""10°0.'- + Mg (517kJ/mol)

a Ca (536kJ/mol)

Z Table III. Grain-Boundary Mobility M of
I.. 1"Zirconia Solid Solution*
CI) Composition M0  (
Z (solution in mol%) (m3/(N s)) (kJmol)

O 12CeO 2  1.34 x 10- ' 393

L 12CeO 2, 1ScO, 5  1.29 x 10-1 399
I- 12CeO 2, lYbO, 5  1.31 x 10-2 404

12CEO 2, 1YOI5 4.19 488
5.6 5.8 6.0 62 6.4 12CeO 2, lMgO 30.5 517

4 12CeO 2, lCaO 51.7 536
1/T X 10 3.9YO5 (2Y-TZP) 2.24 x 102 445

Fig. 3. Rate constant of the parabolic grain growth law against 14.8Y01 (8Y-CSZ) 3.74 x 10- 284
reciprocal temperature; dopants and activation energies indicated. *M = M0 exp(-QIRT)
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Table IV. Solute Segregation at
Y 3d 12Ce-TZP Grain Boundaries

Enrichment factor
Solute Cof/Cb, k Method

'N Before Ca 5 Auger
a Mg 6.5 ESCA
z"_, Y 2 ESCA

Sc 2.3 ESCA
In 7.8 ESCA

Table V. Solute Segregation at
168 166 164 162 160 158 156 154 152 150 t-ZrO2 Grain Boundaries

Solute Enrichment factor
BINDING ENERGY, eV (mol%) Cb/Chblk

3.9YO15  1.9
3.9YO 5, 0.3MgO 1.9 (Y), 6.0 (Mg)
3.9YO15, 0.3CEO 2  I (Ce)

In 34 rI 3d5/2  Zr 39 3.9Y0 5, 0.3CeOi5 > 10 (Ce)*
6.2ScO 15  2.0

Befor 8.6InOj 5 4.5Before- 
*in hydrogen.

1 mol%. Thus, it is verified that the effect of Ca2  increases
with its concentration. At concentrations higher than 1 mol%,
the two-phase field of tetragonal and cubic phases was en-

After tered. For example, cubic grains were observed at a volume
fraction of 10% at Ca concentration of 1.5 mol%. However,

__- ____
-

__ _"_'_ since cubic grains are relatively large and thus distant from
4 45 t 4 4 4 each other, compared to tetragonal grains, they have little

460 457 454 451 445 445 442 439 436 433 430 427 pinning effect on the growth of tetragonal grains, at least ini-

BINDING ENERGY, eV tially. A more detailed study of the kinetics of grain growth
(A) of the two-phase region is in progress.

IV. Theoretical Considerations

(1) Electrostatics
To theoretically predict the electrostatic potential and the

charge distribution in the double layer near lattice discontinu-
Before ities, knowledge of the formation energies of cation vacancies

Aand anion vacancies, as well as binding energies between dop-
Zr C e ant and point defects, is required. For tetragunal zirconia, no

quantitative information on these properties is available, al-
though it is known that anion vacancies are the predominant
point defects. This information alone is sufficient for making
the qualitative prediction that pure ZrO- possesses a nega-
tively charged grain boundary if we assume that the forma-

StE) 0 tion energy of an anion vacancy is smaller than that of a
dE

0.31
After M" 12Ce-TZP+CaONE T=1420oC

*A Co. c

C. ~ 0.2
I-
z
I-

0 Z 0.1
0

0 500 100 C

KINETIC ENERGY,eV L.

(B) < o.o-
cc 0 1 2

Fig. S. (A) ESCA spectra oi two intergranularly fractured 12Ce-
TZP doped separately with Y and In. Spectra after argon ion sput- CaO CONCENTRATION (mo%)
tering also shown. (B) AES spectra of intergranularly fractured
12Ce-TZP doped with Ca Spectrum after argon ion sputtering also Fig. 6. Rate LonStant of the parabolit grain groth law ot 12Ce-
shown. TZP Ns dopant (CaO) concentration at 1420 C
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cation vacancy. For an illustration of the concept, we have same undoubtedly also occurs in Ce-TZP. Ce 3  could thus
sketched defect concentrations in Fig. 7. Note that charge serve as the requisite dopant that induces a positive charge
balance is maintained in the bulk while thermal equilibrium oti the grain boundary. By assuming that the Ce4+/Ce3  ratio
is reached at the grain boundary. A negatively charged grain in Ce-TZP is the same as in CeO 2, the concentration of Ce31

boundary with a negative electrostatic potential as sketched is is estimated in the Appendix and found sufficiently higher
thus necessary to fulfill the above two requirements. If diva- than those of intrinsic defects. Thus it should dominate the
lent and trivalent cations substitute for Zr 4 , at a concentra- electrostatic behavior.
tion higher than that of the intrinsic point defects, then the (d) Ce-TZP with pentavalent dopants-Nb + and Ta5  are
grain boundary is reversed to possess a positive charge. This compensated by Ce 3  at high temperatures in CeO 2, accord-
is also illustrated for the case of Ca doping in Fig. 7, where ing to the study of Naik and Tien. 24'25 The same presumably
similar requirements of charge neutrality in the bulk and de- also occurs in Ce-IZP, The excess Ce3" over and beyond that
fect equilibrium at the boundary can be fulfilled by reversing is then capable of inducing a positive charge on the grain
the grain-boundary charge and electrostatic potential. In be- boundary. To support this argument we have estimated the
tween, at a special temperature-dopant concentration condi- concentration of Ce3+, with Nb5'+ or Ta5 ' doping, in the Ap-
tion, the grain boundary remains neutral. This condition is pendix and found Ce 3' always in excess.
referred to as the isoelectric point. Theoretical predictions (e) In principle, tetragonal ZrO2 with an appropriate
suggest that the isoelectric temperature increases with the dop- amount of Nb 5' or Ta5' dopants could possess a negatively
ant concentration.3  charged grain boundary. This is not practical, however, for

We have estimated in the Appendix the concentration of TZP of the composition ZrO2-(Nb,Ta) 20 5 cannot be re-
intrinsic anion vacancies in pure ZrO 2. We find that, in order tained at room temperature. 2

' Thus, the most Nb 5' and Ta5+

for intrinsic anion vacancies to dominate over 1% cation dop- can do in TZP is to shift the electrolytic condition slightly
ants, a temperature higher than 2400°C must be exceeded. closer to the isoelectric point so that the grain boundary is
Thus, over the temperature range studied here, the grain- less charged.
boundary charge is determined by the dopants. (f) Theoretically, Zr /Zr 3 + reduction would also be the

Our data indicate that, generally, divalent and trivalent dominant mechanism responsible for the nonstoichio-ietry ob-
cations segregate to the grain boundary, but tetravalent and served in pure ZrO2.If so, a positively charged grain boundary
pentavalent cations do not. These observations strongly sug- in pure ZrO2 should exist. All other arguments presented
gest that the grain boundaries are positively charged in 2Ce- above still stand.
TZP, 2Y-TZP, and other TZPs stabilized by trivalent cations Based on the above argument, we believe that, in effect, all
so that only cations with a negative effective charge are at- the TZPs currently known to us should have a positively
tracted to the lattice discontinuities as a space charge. These charged grain boundary and a negative space charge made up
results can be understood in the following way: of lower-valence cation segregants. In view of the above,

(a) 2Y-TZP with a small amount of other dopants-The we will limit our analysis below to divalent and trivalent dop-
positive grain-boundary charge is induced by the majority ants only.
aliovalent species, i.e., Y3 '; similar cases are encountered in
Sc-TZP and In-TZP, i.e., Sc3' and In3 '. (2) Solute Drag

(b) Ce-TZP with divalent and trivalent dopants-The Assuming the solute drag theory of Cahn26 2 is applicable
positive grain-boundary charge is induced by the aliovalent in the present case, the grain-boundary mobility can be ex-
dopants, i.e., Mg2', Ca"', Sc3', In3', Yb 3'+, and Y3'. pressed as

(c) Ce-TZP with tetravalent dopants-It is known that
some Ce3' forms at high temperatures in air in CeO 2. The D

AC(kT)

In the above, D is the diffusivity of the solute, AC is the
excess concentration per unit grain-boundary area, and kT

Pure ZrO2 ZrO2+lm/oCaO has its usual meaning. In Zr0 2 and its solid solutions, oxygen
vacancy diffusion is much faster than cation diffusion. Thus,
the main drag on the grain-boundary mobility comes from

+ + cation solutes. In the following, we will examine the depend-
+ ence of D and AC on the size and the charge of cation solutes

S 0 o0 0 in order to rationalize the grain size sequence reported in
Table II.

In the case of attractive interactions, most of the excess
[Cazrl solutes are localized near the grain boundary, and the drag

force is due to short-range interactions between solutes and
the grain boundary.6-28 Both elastic interactions and electro-

" /static interactions could be responsible for the attraction. Al-
2 I though its exact quantity is not known, the electrostatic

N O I potential in the double layei is probably of the order of 1 to
c F iT C F C k
0) e , e 2 eV, in view of the calculated defect energies in fluorite
C structures recently reported.29' The elastic interaction can beo0 o
a c estimated from the misfit energy."

2 e ' F * 1 2[ 2 e ... % T 2 V z , ] 2 1l + V I,2[VZr ' 2[Uo(elastic) = -_ i +-_)a. (5)

Distance from Boundary Distance from Boundary
where j. is the shear modulus (80 GPa), Q is the formula vol-

Fig. 7. Schematic variations of electrostatic potential and defect ume (0.035 nm 3), v is Poisson's ratio (0.3), and a is Vegard's
concentrations with distance from grain boundary Opposite grain- slope for volume misfit given in Table 1. The typical values of
boundary charges are developed in the intrinsic (pure ZrO2 ) and in
the extrinsic (ZrO + I mol /c CaO) regimes (F - formation en- 'he elastic energy range from 0.02 to 0.29 eV when a increases
ergy of Vz, F - = formation energy of V6 ) Irom 0.05 to 0.20. Thus, the electrostatic interaction is much
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larger than elastic interactions likely to be present in the sys- compare them with Q in Table III and attribute the difference
tern. The contribution due to polarization is probably also to segregation energy. In this way, we find that the segregation
small, judging from the numerical studies on the dipole con- energy of divalent cations (Ca2", Mg2") is consistently higher
tributions to space charge by Yan et al.2  than that of the trivalent cation (Y3"). Taking Ca as an

In view of the above, we believe that in tetragonal zirconia, example, the segregation energy is estimated to be 113 kJ/mol
the attractive potential, electrostatic in origin, is primarily or 1.22 eV. This value, though crude, seems reasonable. Pre-
governed by the effective charge of the dopants and second- sumably, it is this segregation energy which gives rise to the
arily by the binding energy between these dopants and oxy- temperature dependence of AC.
gen vacancies but is insensitive to ionic size, polarizability,
and solubility. Dopants with a larger effective charge are ex- (2) Strain Energy Argument
pected to be more strongly attracted to the grain boundary as Lange35 and co-workers have offered an entirely differ-
the dominant space charge. This is consistent with our data in ent proposition to explain the slow grain growth in stabilized
Section III that divalent solutes (effective charge = -2) seg- TZP.3 5,- They suggest that the tetragonal phase field is much
regate stronger (and impede grain growth more) than trivalent narrower at 1300* to 1500°C, at equilibrium, than generally
solutes (effective charge = -1). assumed, and that a suppression of grain growth is observed

Our data also indicate that smaller dopants, such as Mg2  only in the "two-phase" field, which approaches equilibrium
among divalent ones and Sc3+ among trivalent ones, result in by solute partitioning over a very long time. Such a picture,
a higher grain-boundary mobility. In the extreme case, the however, does not provide a mechanism for the slow grain
difference in mobilities can be an order of magnitude. Refer- growth by itself unless the cubic phase is already present
ing to Tables IV and V, we find that the variation in the en- and serves as the pinning phase. The latter is unlikely since
richment factor among dopants of the same valence is not the cubic grains are typically much larger than tetragonal
substantial. (In3" was excluded from this comparison because grains and are thus relatively few in number. To provide a
of its high vapor pressure.) Therefore, it seems more likely mechanism for suppressing grain growth, they further propose
that the effect of ionic size is due to the faster diffusivity of that during grain growth, solute partitioning also proceeds
smaller cations, i.e., D rather than AC in Eq. (4). Although to give rise to a strain energy as a result of the compositional
data for interdiffusion of solutes in TZP are not available, the dependence of lattice parameters.36 This rise in strain energy,
above proposition is consistent with solute interdiffusivity in according to this argument, suppresses grain growth. This
cubic zirconia 33 and with several related observations in pre- latter proposal can be tested against the grain growth data
cipitate coarsening"3 which implicates faster diffusivities of reported here directly. Since In3" doping causes the least mis-
smaller ions relative to other trivalent and divalent cations. fit, according to Table I, we should observe the fastest grain

growth in this material. This is not the case in Figs. 2 and 4.
V. Discussion Likewise, since Ca 2  doping causes less misfit than Mg2 +

doping, the grain growth in Mg 2"-doped Ce-TZP should be
(1) Grain Growth in TZP faster-again in contradiction to our results. Indeed, we must

The solute drag mechanism was first proposed by Lee and conclude that Lange's strain-energy argument is not borne out
Chen to be the cause of slower grain growth found in 2Y-TZP by the data of grain growth kinetics.
in comparison to that in 8Y cubic zirconia.' In addition to a Data in Fig. 6 are similar to the observation made by
slower growth rate, they observed a much higher activation Lange on the y3+ concentration dependence of grain size in
energy and a lower grain-boundary energy in 2Y-TZP. They the ZrO2 -Y 20 3 system, yet we believe that the data can
argued that all such observations are consistent with grain- be easily rationalized by the proportionality between AC and
boundary segregation and solute drag in 2Y-TZP and not in Co, which results in an inverse dependence of M and Co,
8Y cubic zirconia. Segregation of stabilizers in tetragonal zir- according to Eq. (4). When a two-phase field is finally en-
conia to grain boundaries has not been reported before, al- tered at higher concentrations, the mobility of tetragonal
though segregation of Y3" to the free surfaces has been grain boundary will probably remain constant (being set by
known for some time through the work of Auger electron the solubility limit of the tetragonal phase) until the cubic
spectroscopy. Based on the latter observation, Burggraaf and phase fraction becomes high. This explains the shape of the
co-workers had speculated that a similar trend occurred at curve in Fig. 6.
tetragonal grain boundaries and could cause a grain growth
suppression.," The present study, by providing direct observa- (3) Role of a Glassy Phase
tions of segregation and a systematic comparison of different We finally address the issue of the glassy grain-boundary
dopants, supports and extends Lee and Chen's conclusion to phase which seems to exist ubiquitously in a zirconia system.
other TZP systems. First, we must state that the space charge should arise near

Concerning activation energies of mobility shown in Fig. 3 any geometric discontinuity, including a phase boundary,
and Table III, a correlation between a higher activation en- which is a source and sink of point defects.3 Thus, even in the
ergy and a lower mobility seems to hold. The temperature presence of a glassy layer between grains, the grain-boundary
dependence of the mobility arise, from two sources, the ex- movement will experience a solute drag. Second, in the very
cess solute AC and the (lattice) interdiffusion of solute D, fine grain ceramics that we have studied, the thickness of the
according to Eq. (4). If we further assume that isoelectric so- glassy layer is about 1 nm, which would be within the coher-
lutes segregate similarly, as suggested by their similar enrich- ent length calculated by Clarke using a structural force
ment ratios, then the difference in activation energies among model. 7 Thus, it is not surprising that adjacent grains interact
them is due to the diffusivity. Since larger solutes are ex- in a way similar to grains across a "clean" boundary. This
pected to have a higher activation energy for lattice diffusion argument is further supported by the existence of the charac-
(also supported by diffusivity experiments3 3), the observed teristic dihedral angle between tetragonal and cubic grains in
trend in activation energy is consistent with the overall pic- the two-phase field.' Third, for such thin grain boundaries, it
ture thus far provided. is probable that diffusion across the glassy layer is fast com-

To appreciate the implication of the temperature depend- pared to solute drag which is controlled by lattice diffusion.
ence of AC, the following preliminary estimation of segregation Thus, the mobility of a grain boundary, wetted by a small
energy is helpful. We note the activation energies for lattice amount of glass, can still be rate-limited by solute drag via the
interdiffusion and self-diffusion in cubic zirconia are 423 (Ca), space charge mechanism. In this regard, the overall grain
293 (Mg), 423 (Y), and 31 (Zr), all in units of kJ/mol," If we growth kinetics of a slightly glass-containing ceramic is not
assume that these values are unchanged for TZP, we can then mechanistically different from that of a glss-frcc ceramic
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VI. Conclusions between 900 and 1329°C, through conductivity and thermo-
gravimetric experiments in CeO 2. From their conductivity(a) In all the cases of practical interest, tetragonal zirconia data at 14200, 1329°C, and below, we can estimate [Ce 3+) inpossesses a positively charged grain boundary causing segre- pure CeO 2 . Assuming [Ce 3+] in 12Ce-TZP is 12% of the

gation of divalent and trivalent stabilizers to the grain above, we plot the estimated [Ce3 ] in 2Ce-TZP in Fig. Al.

boundaries, independent of ionic size and solubility. Clearly, in the absence of aliovalent dopants, [Ce3 +] is suffi-

(b) Grain-boundary mobility in TZP is primarily con- ciently abundant between 1000 and 2000C to be the predomi-

trolled by the space charge segregation of divalent and triva- nnt abund etes.

lent solutes, and secondly by the lattice diffusivities of these nant charged species.

solutes: the largest divalent solute provides the strongest (3) 12Ce-TZP Doped with Nbs+ and Ta +

grain-boundary drag. Naik and Tien reported that Nb5  dopants in CeO 2 at high
(c) The activation energy of grain-boundary mobility in temperatures were accommodated by replacing equal num-

TZP is higher than that of lattice interdiffusivity of dopants. bers of Ce4+ and formation of C 3 +.24'25 Thus, the Nb-doped
The difference may be attributed to a segregation energy; the CeO 2 may be written as Ce+-'2_yCej+,NbY+O 2_x to account
divalent solutes have a higher segregation energy than triva- for both the intrinsic and the extrinsic defects. Assuming the
lent solutes. same mobility of electrons by the small polaron mechanism

(d) A sufficiently thin glassy layer has no effect on the we have calculated [Ce3 +] in a CeO 2-0.40 mol% Nb2O5 at
applicability of the space charge concept. Thus, solute drag 10290 and 1420'C, from the conductivity data of Naik and
can still operate in slightly glass-containing ceramics of very Tien. 2 2 Comparing [Ce 3 ] in the Nb f-doped (extrinsic)
fine grains, case and the undoped (intrinsic) case estimated in Section (2),

we find the following relation being observed closely:.
APPENDIX [Cc .

3
..cinsic = [Ce 3 ]ntrjnic + [Nb 5+]  (A-2)

Nonstolcloanetry in ZrO2, Ce.TZP, and Nb-Doped Ce-TZP at these temperatures. This conclusion is also supported by
(1) ZrOl the closeness of the thermogravimetric data of the doped and

Pure ZrO2 contains anion vacancies and may be written as undoped CeO 2 at high temperatures.' 2" Assuming the same
ZrO2-,. According to the recent data of Aldebert et al.,38 x mechanism of Nb5+/Ce3+ compensation operates in 12Ce-
varies from 0.001 at 1925°C to 0.052 at 2410PC in a helium at- TZP, we have calculated the total concentration of Ce3+ with
mosphere. Extrapolating these data to lower temperatures, the 1% Nb + dopants and plotted it in Fig. Al.
values of x are given in Fig. Al. These values are representa-
tive of the concentration of the intrinsic vacancies. Clearly, Acknowledgments: We are grateful to Dr. T. S. Sheu for providing
they are much smaller than the typical dopant concentrations Sc- and In-stabilized zirconia and to Mr. T.Y. Syau for performing Auger
used in this study. microanalysis.
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IV. THE ROLES OF LIQUID PHASE IN SUPERPLASTIC CERAMICS

Liquid phase is ubiquitous in certain ceramic systems, e.g., zirconia and silicon nitride. Since

the liquid resides at the grain boundary, it can influence the microstructural evolution. This aspect

is usually viewed negatively because of the resulting degradation of properties. On the other hand,

the grain boundary liquid may also confer important advantages, such as a lower flow stress in

superplastic deformation. However, this must be done judiciously to maintain a satisfactory

threshold against decohesion. We have systematically studied liquid additives in zirconia and in

silicon nitride with the intent of understanding their roles in microstructural development and in

deformation. This has led to the discovery of Cu and other patented elements as beneficial

additives to Y-TZP for enhancing the formability. In the case of silicon nitride, we discovered a

novel mechanism in which the colloidal interaction between grains via the liquid phase gives rise to

a unique shear-thickening phenomenon in creep. The mechanisms of liquid-assisted grain growth

and creep have also been elucidated.
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ABSTRACT

The kinetics of grain growth of 8 SiAlON are reported for a broad range of compositions
containing YAG and cordierite additives. Anisotropic growth favoring a prismatic
morphology was found in all cases. Both the length and the width of the grains follow a
cubic growth law. The activation energies were determined to be between 145 and 180
Kcal/mole. High resolution TEM examination revealed a rounded growth front along the
[001] direction and a sharp interface with very few ledges along the [210] direction. A growth
model, which envisions continuous growth in the [001] direction and lateral ledge growth in
the [210] direction, appears to provide a satisfactory explanation of these observations.

INTRODUCTION

Grain growth during the final stage of liquid phase sintering is commonly reported to
follow a cubic law analogous to Ostwald ripening. Both diffusion through the liquid and
interface reactions at the solid/liquid interface are possible rate-controlling mechanisms [1].
Most theoretical analyses and model experiments have been conducted for isotropic systems
consisting of equiaxed grains. In silicon nitride ceramics, however, grain shapes are very
anisotropic, with O-SiAlON grains growing as hexagonal prisms along the [001] direction [2].
An example of such microstructure is shown in Fig. 1. Anisotropic grain growth in liquid
phase sintering of this system has not been quantitatively studied. This investigation reports
on the kinetics of grain growth and on the structure of solid/liquid interfaces in B-SiA1ON with
Y3A150 12 (YAG) and Mg 2A14Si5O18 (cordierite) additions. Based on these experimental
observations, a model is proposed to account for the anisotropic growth behavior.

EXPERIMENTAL

SiAlON solid solutions were prepared in the system Si, Al, X/O, N, with X = Y or Mg.
The B solid solution compositions are shown in Fig. 2. The compositions were sintered in a
nitrogen atomsphere between 14000 and 1800*C. The kinetics of both densification during
sintering and the accompanying a to B phase transformation were already reported in the
companion paper [3]. Data for grain growth were taken after the completion of the phase
transformation. High resolution electron microscopy was performed using a JOEL 2000FX
microscope operating at 200KV,.
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Fig. 1 A typical SEM microstructure of 13SiAON ceramics. (bar =5 gJm)

Y2 03YN

(a)

A12 03  A1203:AINAI

MOO Mg3N2

(b)2 SC------- --------------- N

cordlerite BO

A12C3 A1203:AINAI
Fig. 2 The phase diagrams in the system Si, Al, X/0, N, with (a) X=Y and (b) X=Mgi
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RESULTS

The growth rates of B grains in the SiAlON-YAG system are shown in Fig. 3 for the
[001] direction (length) and the [210] direction (width). The rates are highly anisotropic and
can be expressed in the form:

dn-don = K(t-to ) (1)
where d is the average grain dimension at time t, do is the dimension at time to. A cubic law,
n=3, was found to be consistent with all of the growth data, in both directions and in both
systems. The rate constant, K, is relatively insensitive to the amount of the liquid (Fig. 4),
but very sensitive to the alumina content as shown in Fig. 5, A higher growth rate was found
in the SiAION-YAG system (Fig. 6). The activation energy of the rate constant was found to
be about 160 Kcal/mole for the SiAlON-YAG system and about 170 Kcal/mole for the
SiAlON-cordierite system. Similar to the difference in the kinetics of densification and phase
transformation discussed in th* companion paper [3], grain growth in the SiAlON-cordierite
system is consistently slowtr than that in the SiAlON-YAG system. This is due to the
difference in liquid viscosity in the two systems which results from the difference in the silica
content of the liquids.

Further insight into the growth anisotropy was provided by examination of the
solid/liquid interface using high resolution electron microscopy. A micrograph of a lattice
image of a B grain in the SiAlON-YAG system is shown in Fig. 7a. The structure of this
grain, which is mostly enclosed in a glassy phase, was identified by diffraction analysis as
shown in the figure. The semi-spherical cone in the [001] growth front is clearly shown in
Fig. 7b, which indicates the presence of continuous growth steps characteristic of a diffuse
interface. Along the [210) growth front, the interface is sharp except for a ledge as shown in
Fig. 7c. These structures are suggestive of different growth kinetics which are in turn
responsible for the anisotropic grain shape.

MODEL OF ANISOTROPIC GRAIN GROWTH

The model we propose here assumes continuous growth on the diffuse interface in the
[001] direction and lateral growth by a ledge mechanism on the sharp prismatic planes in the
[2101 directions. The model is schematically depicted in Fig. 8., We represent the volume of
the prism by

v = , -lr2  (2)
where I is the length and r is the root mean square radius of the cross section, The growth rate
is given by

dv/dt = r2 dl/dt + 2nlr dr/dt 
(3)

In the above, the first term is the growth rate in the [001) direction and the second term is the
growth rate in the [2101 directions. The normalized driving force for grain growth is taken to
be

F = yQA-Tr (4)

where y is the normalized solid/liquid energy of the pnsmatic pianes, Q is the molecular
volume, and kT has its usual meaning.

The growth rates in tne two directions are respectively given bv

dll/dt = DcF/r (5)
and

dr/dt = DcFA (6)
In the above. D is the solute diffusivity in the liquid which is used to relate the jump
probability at the solid/liquid interface, and c is the solute concentration in the liquid. Here,
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Fig. 3 Grain growth as a function of Fig. 4 Grain growth as a function of
sintering temperature in the additive content in the system
system SiAlON-YAG. SiAlON-YAG.
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Fig. 5 Grain growth as a function of Al eq.% Fig. 6 Comparison of grain growth kinetics
in the SiAlON composition in the in the svstems SiAlON-YAG and
system SiAION-YAG. SiAlON -cordiente.
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Fig. 7 a) A typical grain in SiAlON ceramics. (10-0) plane is parallel to the grain axis
(0011 direction. b) The enlarged view of the growth front in the [00 1] direction.
c0 The enlarged view of the growth ledge on the (10-0) plane.

1001]

[210]

Hig. 6 A schematic illustrating the solid-liquid interface structures of a 83 SiAlON grain
in tneI 100 11 and [ 2101 directions during anisotropic grain growth.
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we have assumed diffusion control in both cases and a perfect sink efficiency at the diffuse
(00-1) interface and along the ledge on the (10.0) prismatic planes. Only lattice sites facing
the [001] direction are counted. Additional geometric considerations, which will slightly
affect the growth rates at low volume fractions of liquid, have been omitted in both
expressions.

Because of the diffusion dependence of the growth equations given above, it is clear that
the origin of the growth anisotropy for these grains lies in the disparity of available growth
sites for the two types of solid/liquid interfaces. Following a simple manipulation of Eqs..
4-6, we confirm that a cubic law is followed by both I and r. As expected, their rate constants

are both proportional to Dcyfl/kT, but otherwise differ by a factor of (10/r0 )3. strongly
favoring growth in the length direction. Here, 10 and ro are the grain length and radius,
respectively, at time to.

DISCUSSIONS

Phenomenologically, anisotropic grain growth in the present systems seems to be
consistent with the diffusion control mechanism outlined above, The key observations in
support of this argument are (a) growth exponents being 3; (b) kinetics sensitive to liquid
viscosity but not to liquid fractions; and (c) similar activation energies in both the sharp [210)
and diffuse [001] growth directions. Note that (b) is not consistent with interface reaction
control; furthermore, in contrast to (c), a higher activation energy for the sharp interface is
expected for interface reactions.

The presence of a ledge on (10o0) prismatic planes can be thought of as due to a screw
dislocation in the [001] direction. As a common origin providing growth steps on an
atomically sharp interface, a screw dislocation normal to such a plane generates a spiral
growth step which expands outward at a constant radial velocity [4]. Simple calculations
pertinent to Ostwald ripening of prismatic grains have verified, however, that the critical
radius of the spiral in the present case is of the order of r. Hence, only one spiral turn can fall
on the six prismatic (10.0) surfaces. Indeed, in Figure 7c, only one growth step can be seen
on the side surface. As this growth step sweeps over (10.0) surfaces by one turn, the prism
grows in the width direction by one molecular layer.
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A small addition of CuO to 2-mol%.Y0 3.stablllzed tetrago- size distribution. 3 16," These microstructural features can fa-
nal uircesa polycrystals siglnificantly enhances superplas cilitate diffusional creep which is akin to superplasticity. Evi-
tkty by forming an amorplous grain-boundary phase dence for liquid-enhanced creep has also been documented
containing primaily Cu, Y *, Zr', and 01. This phase in silicon nitride,'" glass-ceramics,' 2' other polycrystalline
apparently melts at around 11WC, but It already provides a ceramics, 2 "2' and metal. ' s In theory, for this to happen, the
fad diftusion path even below the melting temperature, liquid has to wet grain boundaries fully and support a normal
There are abrup changes In stress exponent, activation stress. In addition, the surrounding grains must be able to dis-
energy, nd grain size exponent across the melting tempera- solve in this liquid. Under such circumstances, mass transport
tare. Superplasticity Is diffusloa-coatrolled below the melt- along and across grain boundaries will largely take place
log temperature and Is interfaced.controlled above that. [Key within the liquid film, which remains between grains regard-
word&- yttria.stabillsed setragonal uirconla polycrystals, less of the local stress state. This is the so-called solution-
plasticity, iuid phase, creep, grain bondaries reprecipitation mechanism.

Without a liquid phase, diffusional creep via grain
I. Introduction boundary is described by the Coble equation2"

CIERAMIC superplasticity has been investigated in recent i - (1)
years by many researchers," ' most notably Wakai and in mne auve, i is tt. strain rate, AI is a constant, or is the

co-workers.-' Large tensile ductilities were demonstrated in a stress, fl is the atomic volume, 8, is the effective thickness of
few cases, " raising the hope that superplastic forming of the grain boundary, D,0 is grain-boundary diffusivity, k is the
crystalline ceramics may be technologically feasible someday. Boltzmann constant, T is the temperature, and d is the grain
Presently, yttria-stabilized ictragonal zirconia polycrystals size. The presence of a liquid phase at the grain boundary can
(Y.TZP) and thir composites can *Se superplastically de- alter the above equation in several ways. The following two
formed at a strain rati; of 10- 4/s, '.! -'eratures above 1400*C, cases are of special interest to the present study.02'

.
27,2

and stress around 25 MPa, but ite low stress increases (A) Diffusion control: If the mass transport through and
rapidly to well above 100 MPa as ti.,- umperature is lowered across the grain boundary is rate-controlling, then Eq. (1) is
to 1250°C.2" 7 ' We believe that the ptrispect for superplastic modified by substituting CISID, for 8,0D,0. Here C, and D, are
forming of ceramics will become brighter if the forming tern- the solubility and the diffusivity, respectively, of the rate-
perature and the flow stress can be lowered to say, 12000C controlling species in the liquid film, and 81 it the liquid film
and 50 Mil, which are comparable to hot working conditions thickness. Since 8, is proportional to the volume fraction
for metallic alloys sucn as superalloys and molybdenum.' " '  of the liquid, 1I, and the grain size, the following rate equt-We have speculated that a lower forming temperature and tion obtains:
a lower tlow stress might be realized in ceramics sintered at
low temperatures. If so, then there are two obvious ap- i = A2oflVJCD/kTd' (2)
proaches which might be taken to achieve this goal. The first In the above, we have introduced a new constant A 2.
one is a processing approach, using colludal techniques to (B) Interface control: If the solute diffusion rate far ex-
lower the sintering temperature. A classical example of this ceeds the interface reaction rate required for atom attach-
type was given by Rhodes on a yttria-stabilized zirconia nent and detachment, then diffusional creep is controlled by
which was sinterable at 1000C."3 The second one is a chemi- the latter and the strain rate is proportional to the rate of the
cal approach, using additives which lead to liquid-phase sin- interface reaction. Quite commonly, such reactions have a
tering."" In this study, we have explored both approaches in nonlinear, threshold type of dependence on the driving force,
Y-TZP and obtained a very substantial improvement in the which is f) in our case (for example, if nucleation of a sur-
superplastic forming conditions, face step is required).2 9 The average straiji per grain, from the

The benefit of low-temperature sintering made possible by deposition and removal of materials at its grain boundary, is
coilodial processing should be apparent. Ceramics pocessed inversely proportional to the grain size. Taking these consid-
in this way are known to have smaller grains with a narrower erations into account, the following rate equation obtair.:

R. Raj-contributing editor i = A3()'flY/kTd (3)
In the above, we have introduced a new stress exponent

n > 1 and another constant A 3.Manuript No. 198254. Received July 13, 1989; approved December 1, It should be obvious that the presence of an amorphous,
1989.

Presented at the 91st Anhual Meeting of the American Ceramic So- ,and, indeed, any low-melting-point grain-boundary phase, has
ciety, Indianapits, IN, April 23-27, 1989 (Basic Science Division, Paper an effect similar to using liquid. This statement is supported

Supported by the U S. Air Force Office of Scientific Research under by reports of enhanced kinetics sometimes observed below
Grant No. 87-0289. the melting (eutectic) temperature of the grain-boundary*Member, American Ceramic Society

*Now at Dow Chemical Central Research, Advanced Ceramic Labora- phas " We believe the abov, mechanistic picture leading to
tory, Midland MI 48674 Eqs. (2) and (3) for liquid-enhanced creep is applicable below
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the eutectic temperature as well, if we simply envision the stress and true strain rate data reported below. Since steady-
grain-boundary phase as a short-circuit diffusion path. How- state deformation could be reached with strains of the order of
ever, considering the different physical properties of grain- a few percent, a single specimen was often used for flow stress
boundary phases above and below the eutectic temperature, determinations at two to three increasing displacement rates.
we may still anticipate a transition in the enhanced Coble Typically, a test lasted no longer than one-half hour at the test
creep behavior near the eutectic temperature. temperature, and testing was terminated after reaching a

In this study we repc.t sintering, grain growth, and super- height reduction of 50%. Under these conditions, very little, if
plasticity of Y-TZP's, with and without addition of a small any, grain growth was found in the deformed specimens.
amount of a low-melting phase. We wish to demonstrate that Microstructures and microchemistry of the studied speci-
a drastic improvement of the superplastic forming conditions merts were characterized by electron spectroscopy for chemi-
can be achieved by such an addition. A better understanding cal analysis (ESCA), SEM, and TEM. The grain size reported
of such practice will be afforded by an examination of the evi- was obtained by multiplying the average linear intercept of at
dence for mechanism changes attributable to the presence of least 500 grains by 1.56. Additional micromechanical meas-
amorphous and liquid grain-boundary phases. urements of hardness and indentation toughness were made

by using a Vickers indenter operated at a load over the range

I. Experimental Procedure of 15 and 40 kg.

(1) MaterialsT cnteaining u1Un Experimenta l Results and Analysis
The two systems selected in this study were single-phase

zirconia containing 2 mol% Y20 3 , designated as 2Y-TZP, and (1) Sintering and Grain Growth2YTZP containing CuO. Unlike 3Y.TZP (ZrO2 with 3 tool% CuO (0.3 mol%) greatly affected the densification behavior
Y203) which typically contains both the tetragonal and the of 2Y-TZP, as evidenced by a shift of the shrinkage curves to-
cubic phase, 2Y-TZP is a single-phase tetragonal polycrystal. ward a lower temperature. The maximum shrinkage rate of
The eutectic melting temperature of CuO/Cu 2O-ZrO2 is con- CuO-containing 2Y-TZP (denoted as 2YZ-0.3 Cu) occurred
veniently located at 1130" and 1090°C in air and in 1 atm at 1120°C. Unlike the shrinkage curve of 2Y-TZP, which ap-
(10' Pa) of oxygen, respectively.' The above temperatures are pears symmetric with respect to the inflection point, at
within the range of low-temperature superplasticity for 2Y- 1165°C, the shrinkage of CuO-containing specimen was much
TZP. Since the solubility of Cu in zirconia is negligible, Cu is faster above the inflection point. Since the eutectic tempera-
not expected to alter TZP's deformation behaviors by solid ture in the air is 1130'C in the system CuO/Cu 20-ZrO2, we
solution. To keep the amount of the liquid phase small, only may attribute the enhanced sintering to the formation of a
0.3 and 1 mol% CuO were added to 2Y-TZP. liquid phase. This kind of nonsymmetrical shrinkage behav-

Highly pure commercial 2Y-TZPt and CuO* powders were ior in sintering has been reported before in other materials
used as starting materials. The powder mixtures of 2Y-TZP when a liquid is generated during heating.15

and the designated amou.ta &" CuO were attrition-milled in We found it possible to obtain specimens with a98% theo-
an alumina jar using zirconia milling media with a surfactant. retical density in 2Y-TZP by sintering at 1200°C, and in 0.3%
The milled slurry was cast, under a pressure of up to 0.7 MPa, CuO-added 2Y-TZP at 1150'C. Higher densities could be rou-
into cakes with a diameter of 47 mm, which were dried and tinely obtained by raising the sintering temperature. For de-
isostatically pressed at 400 MPa. The green density after iso- formation studies described below, samples sintered at 1250°C
pressing was between 60% and 65% of the theoretical density. for 1.5 h were used.

Sintering studies were performed in air using a sintering The addition of CuO enhanced grain growth as well, as evi-
dilatometer, at a constant heating rate of 7.5°C/min. For de- dent from the micrographs in Fig. 1, after sintering at 1250'C
formation studies, samples were sintered at 1250'C for 1.5 h. for 1.5 h. Linear intercept measurement of the two micro-
The density of the sintered specimen was determined by a graphs in Fig. I gave a grain size of 0.21 and 0.35 um for
water immersion method, and the phase content was analyzed single-phase and CuO-containing 2Y-TZP, respectively. De-
by X-ray diffractometry. Only those specimens with more spite their different sizes, grains in both TZP's remained
than 98% of the theoretical densit) and 100% tetragonal equiaxed. Thus, we may compare their deformation behaviors
phase were accepted for this study. Annealing at various tem- without regard to grain morphology.
peratures and times was also performed to coarsen the grain (2) Superplasticity of 2Y-TZPsize when necessary.()Suepstiyof2TP

The flow behavior of 2Y-TZP of a grain siz.- of 0.21 um is
(2) Testing summarized in Figs. 2 and 3. Figure 2 demonstrates that a

Square bar compression, -,cimens with a height/width ratio strain rate sensitivity m, defined as the slope in the log strain
of 2.3 were prepared by gr,..Jing. Deformation was conducted rate-log stress plot, of 0.67 ± 0.05 is obeyed at all tempera-
in uniaxial compression to minimize the effect of cavitation tures except at the highest stresses. A high strain rate sensi-
on the constitutive behavior. All tests were conducted in air, tivity is characteristic of superplastic flow. Above 800 MPa
between 1000 ° and 1250°C, with strain rates from 10-6 to (i.e., 1% of the shear modulus) at lower temperatures, the
10-2/s, in a platinum furnace. The actual specimen tempera- strain rate sensitivity is lower, below 0.1, indicating a change
ture during the test was monitored by a thermocouple imme- of deformation behavior from superplasticity into obstacle or
diately adjacent to the specimen surface. An alumina lattice resistance-limited dislocation glide. The stress expo-
hemispherical seat and a set of SiC plattens were used in the nent n, defined as the reciprocal of m, is 1.6 in the superplas-
loading train. With this arrangement, little evidence of end tic regime in this material and it increases to over 10 above
friction was detectable even at very high strain rates. Speci- 800 MPa. Previously reported values of strain rate sensitivity
mens were allowed to stabilize at the test temperature for 10 in 3Y-TZP range from 0.33 to 1, all at higher temperatures.- 6.31

to 15 min before the tests began. Deformation was continu- The temperature dependence of the superplastic flow is
ously monitored during the test using an extensometer. Most shown in Fig. 3, giving a single activation energy Q of
tests were run using a constant displacement rate, and the 630 ki/mol between 1100' and 1250'C. The value is on the
load and displacement readings were converted into true high end of tl" range of activation energies, from 360 to

655 kJ/mol, reported for creep and superplasticity of Y20 3-
stabilized tetragonal and cubic zirconia.- 6 31-34

'Tosoh, Tokyo, Japan The grain size dependence of superplastic flow of 2Y-TZP
*Alfa Products, Danvers, MA during superplastic deformation at 1175oC is shown in Fig. 4,
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(A) (B))

Fig. 1. As-sintered microstructures of three 2Y-TZP's: (A) without additive, (B) with 0.3 mol% CuO, and (C) with I mol% CuO;
bar = I Am.

where the strain rate at a constant stress is plotted versus the
grain size ir, lug,' mic scale. The result yielded a grain size

01, exponent p, Ueftt, j as 'e negative of the slope in Fig. 4, of
A 1100'c 2Y-TZP 2.7 ± 0.2. Previoua;, ", t-TZP has been studied by Wakai for
A 1125'C one grain size only, over the temperature range of 12500 to
M 110,oc 1450'C, and by Yoon and Chen in our laboratory for a range
o 1175oC of grain sizes over the temperature range of 1250 to 1400'C."
o 1sooC Using the activation energy and the grain size exponent

10 reported above, we can compare our data with those of the
a A A wo previous studies at 1250'C, for a reference grain size of
1- 0.33 Am. As shown in Fig. 5, these data are reasonably close

to each other.

(3) Superplasticity of CuO.Containing 2Y-TZP
& 10 2, Flow behaviors of two CuO-containing 2Y-TZP's, one with

.6 0.3 mol% CuO and a grain size of 0.35 Am and the other with
A 0.6 1 mol% CuO and a grain size of 0.41 Am, are summarized in

Figs. 6 to 9. Comparing Figs. 2 and 6, it is obvious that in all
cases deformation in the CuO-containing 2Y-TZP's is much

0 6faster than that in the single-phase 2Y-TZP, by several orders
10 "" 0 10 10 10 of magnitude, even though the single-phase 2Y-TZP has thesmallest grain size, 0.21 Am.

STR A IN RATE (1/s) The strain rate sensitivities of the CuO-containing 2Y-TZP's

Fig. 2. True stress-strain rate relationships for are high, between 0.5 and 0.8, as evident from Figs. 6(A) and
2Y-TZP at various temperatures. (B). This feature is still characteristic of superplastic flow.

However, unlike their counterpart without CuO addition, the

10 2Y-TZP 10 ' l
2Y-T2Y-TZP1

10O0 MPa IYTZ1175°C, lOOMPa

10 "

I.-
I=630KJ/mole 10 5

10 Z p=2 70,0 2

10 1

1010
64 66 68 70 72 74 11

10 4 /T (*K) GRAIN SIZE (jrm)

Fig. 3. t emperatur r Lpcndcn.c of stralln lat of ig. 4. ( rain i/,t dC rId. nLL t tra n ratc ot
2Y-I-ZP at 100 MPa 2'N-1 ZP at 1( Ml)a and 1l'r (
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103-. 0.8.
2Y-TZP 2Y-TZP

1250*C, 0.33ism 1

0.7-
U6 This Study /.%C
I Yoon & Chen

1W102. 6

- 0.5-
1130*C

Wakai at al.I
101' 0.4

1 0- 10 5 10 13 o1 2 900 1000 1100 1200 1300

STRAIN HATE (1/s) TEMPERATURE (C)
FMg. 5. Superplasticit data of 2Y-TZP by different Fig. 7. Temperature dependence of strain rate sensi-
investigators at 12500C. tivity, m, in two CuG-containing 2Y-TZP's.

strain rate sensitivities of both TZP's decrease gradually as cases, the activation energy below the eutectic temperature is
the temperature increases and then go through a somewhat already lower than that of 2Y-TZP without CuO addition.
abrupt transition at the eutectic temperature, as highlighted The grain size dependence of 0.3%-CuO-added 2Y-TZP is
in Fig. 7. shown in Fig. 9 for two temperatures, one above and the

The temperature dependence of superplastic flow of these other below the eutectic temperature. In both cases, the grain
materials undergoes a corresponding transition at the eutectic size exponents are much lower than that in single-phase 2Y-
temperature, becoming lower at higher temperatures as TZP. In addition, this exponent is higher at a lower tempera-
shown in Fig. 8. This effect is more evident for the higher ture, i.e., 1.64 ±0.15 at 1000'C and 1.23 ± 0.1 at 11750C.
CuO content. For example, the activation energy decreased
from 445 to 415 ki/mol in O.3%-CuO-added 2Y-TZP, and ______ _______

from 405 to 233 ki/mol in 10/-CuO-added 2Y-TZP. In both 10 22YZ-Cu

~ 02334OMPa

X ioo*c 2YZ-0.3Cu 1110 3 -1

4. 100C 0.405 KJ/mole
a 11 5O*c

- 0 11 * 75*C 9 10 4
a * 12001C U %CuO16 0 1250*C z0-445

S10 2 1

1A 0 7 7 1C1 5="
1130OC .%u

A05 41064 6.8 72 7.6 80
l 1 0...5....',-i '1'' 1 04/T (*K)

STAI RTE(1i)Fig. 8. Temperature dependence of strain rate of
STRRIN RTE ( /s)two CuO-containing 2Y-TZP's at 40 MPa.

(A)

1o0+1o-.2Z-~ 10 2
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1h 125*C
I0 150'c 1 111
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(B) Fig. 9. Grain size dependence of strain rate of two

Fig. 6. True stress-strain rate relationships for CuO-containing 2Y-TZPs at 4(0 MPa below and
2Y-TZP with (A) 0.3 mol% and (B) I moll/( CuO. abose the eutectic temperature
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Apparently, the transition behaviors noted previously in
strain rate sensitivity and in activation energy also occurred
in the grain size exponent at the eutectic temperature. Taken
in toto, these results demonstrate clearly that the deformation
mechanisms in CuO-containing 2Y-TZP, at both above and
below the eutectic temperature, are different from that of
pure 2Y-TZP.

Lastly, to make clear the effect of the amount of CuO addi-
tion on deformation, we plot in Fig. 10 the ratio of the strain
rates, at 40 MPa, of the two CuO-containing 2Y-TZP's for the
entire temperature range studied. It is clear from Fig. 10 that,
below the eutectic temperature, the strain rate increases
rapidly with an increasing CuO addition. Above the eutectic
temperature, however, the effect of the CuO amount is much
less. Indeed, the strain rate seems to be independent of the
CuO amount at temperatures approaching 1300°C. The impli- V
cation of this and other observations on deformation mecha-
nisms will be discussed further in a later section.

(A)

Direct evidence of the presence of a Cu-rich grain-
boundary layer was obtained by ESCA and TEM. We found
that all the 2Y-TZP's could be fractured nearly intergranularly
at room temperature. In the CuO-containing specimens, the
fracture surface, according to the ESCA analysis, contained
Cu , y 3+, Zr" and 0 -.Since the ESCA signals came pri-
marily from elements on and within a distance of 1 to 2 nm ,
from the surface, to determine the depth distribution of the
above species, ion beam sputtering was applied to progres-
sively remove the near-grain-boundary material. This then
resulted in a rapid, monotonic decrease of the Cu concentra-
tion with the sputtering time, its signal falling below de-
tectability after 3 min. This indicated that Cu was present
only within a thin layer at the grain boundary. It should also
be noted that Si peaks were searched for but not found in the a
above experiment. However, when 0.5 mol% of SiO 2 was in-
tentionally added to 2Y-TZP, a Si4" peak was detected on the 4grain boundary.,

A TEM micrograph shown in Fig. 11(A) of the same ma- (B)
terial sintered at 1250'C revealed this Cu-rich layer to be Fig. 11. TEM micrographs revealing a thin layer of amorphous
amorphous. The amorphous layer was of the order of 1 to phase at the (A) grain boundary and (B) triple point of CuO-
2 nm and was distributed relatively uniformly along the grain containing 2Y-TZP; bar = 20 nm.
boundary. The amount of the amorphous phase was too low
to give a diffuse scattering halo in the selected area diffrac- (5) Microstructural and Micromechanical Observations
tion pattern. An accumulation of the amorphous phase at the Micromechanical properties, including hardness and inden-
triple point was found in a few cases, such as the one shown tation toughness of 2Y-TZP's with and without CuO addi-
in Fig. 11(B). In contrast, we found that in single-phase tions, are presented in Table I. In comparing these data, it
2Y-TZP, the glassy phase was too limited to be detectable in should be noted that th,. grain sizes of the two materials are
TEM in most cases. not the same and they have not been optimized for best

room-temperature properties. It is evident, however, that the
CuO addition of a small amount has a negligible effect on me-

6 chanical properties at room temperatures.
4OMP, i. d( lDeformed microstructures of 2Y-TZP's with and without

03 035 CuO addition were examined by SEM and TEM. In all cases,
5- no significant cavitation damage or change in grain shape

and grain size was found after the compression test was per-
4 formed, regardless of the temperature, stress, strain rate, total

F (ICv, strain, or additive amount. Further examination by TEM of a

.-(- 3-- 0.3%-CuO-added specimen, at a strain of 85%, again showed
no sign of cavitation. The lack of cavitation was finally con-
firmed by the density measurement.

Table I. Mechanical Properties of 2Y-TZP's with and
1 without an Additive1000 1100 1200 1300Togns fdes

TEMPERA1TURE (40) Mdterial (MIa mr :) (6P.A)

2YZ 4.34 t+ 0.30 11 9
Fig. 10. Ratio of strain rate of to CuO-containing 2YZ-0.3/c Cu 5.98 _ 0.24 10.6
2Y-TZP's with I and 0 3 mol% CuO
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IV. Discussion joining grains and a repulsion due to the structure of the
(1) Sulerplastic Forming Conditions intergranular liquid. (A thicker liquid layer will be squeezedaround a bit until a thin film of the above equilibrium thick-

The flow stress of CuO-containing 2Y-TZP at 1200°C was ness is left to support the normal stress.) As both of these inter-
much lower than those reported previously for 3Y-TZP. -7'3' actions are of short range (<10 nm), it is a natural conse-
This is illustrated in Fig. 12, in which all the reported 3Y-TZP quence that the equilibrium thickness is of the order of
strain rate data at 40 MPa are plotted against the reciprocal 1 nm.3 This seems to be the case in the present system of
temperature. The strain rates of this study, also shown in the CuO-containing 2Y-TZP. Unfortunately, little is known about
graph, are significantly higher than the rest. Clearly, then, the structure of the liquid and the dielectric properties of the
the addition of a low-melting phase is an effective way to fa- adjoining grains to allow a quantitative prediction of the
cilitate ceramic superplasticity. Although a uniaxial tensile equilibrium thickness. However, at the concentrations of
test was not performed in the present study, our group has CuO that we used, the thickness of the grain-boundary layer
reported biaxial shell stretching of the same ceramic, at a is estimated to be 0.3 and 1.0 nm. In the above estimation we
strain rate approaching 10-3/s at 1150°C, to large strains." We have assumed a grain diameter of 0.3 nm and the volume
found no acceleration of cavitation in those tests and verified fraction of the liquid to be 0.003 and 0.01, respectively. Since
that the microstructure remained stable during deformation., these values are probably smaller than the equilibrium thick-
Inasmuch as such an experiment is commonly regarded as ness, we believe the grain-boundary liquid in our study can
the most severe formability test in the sheet metal forming support a normal stress.
field, it has provided, in our view, the most encouraging in-
dication to date that superplastic forming of ceramics would (3) Mechanisms of Superplasticity in
be technologically feasible. It is also important to note that CuO-Containing 2Y-TZP
the low-temperature mechanical properties were not sig- The main effects of CuO on the constitutive behavior of
nificantly affected by the addition of a small amount of low- 2Y-TZP are summarized in Table II. We now attempt to ratio-
melting phase. nalize these results in terms of the three mechanisms listed in
(2) Grain.Boundary Phase in CuO-Added 2Y-TZP the Introduction, Eqs. (1) to (3). In doing so, we first acknowl-

As confirmed by the TEM and ESCA analyses, there was a edge that we still lack a satisfactory micromechanical model
low-melting (1130 0C), probably amorphous, continuous phase which accounts for the stress exponent and other aspects of
along the grain boundaries of CuO-containing 2Y-TZP. This superplasticity, despite many such attempts in the past two
phase contained Cu,* Y, Zr, and 0, and it apparently facili- decades.37' However, there is a general agreement that super-
tated sintering, grain growth, grain-boundary sliding, and plasticity is akin to diffusional creep and involves grain-
creep. Two prerequisites for such effects are (1) the grain- boundary sliding and grain-boundary migration, but it some-
boundary phase must cover or wet the entire grain how proceeds at a much faster rate. In the absence of a
boundaries, and (2) the surrounding grains must be able to definitive model, it is difficult for us to make quantitative
dissolve in this phase. As evidenced from the TEM and and absolute predictions of the stress and grain size expo-
ESCA results, these requirements were apparently satisfied nents, etc. at this time. Instead, we have arrived at our ratio-
by the Cu-rich grain-boundary phase. nalization based on the comparison of the qualitative trends

Heating above the eutectic temperature poses an additional in constitutive parameters by invoking the general parallelism
requirement for the grain-boundary phase; i.e., it has to sup- between diffusional creep and superplasticity.,
port a normal stress in order to be effective in diffusional We believe that the deformation mechanism in single-phase
creep. Otherwise, the liquid would be squeezed out totally by 2Y-TZP is similar to that of Coble creep, as described by
compression and would not be able to promote creep. A thin Eq. (1). When CuO is added, below 1130°C, creep is enhanced
intergranular liquid phase can fully support a normal stress if and controlled by a faster diffusion in the grain boundary, as
its thickness does not exceed the equilibrium thickness deter- described by Eq. (2). Above 1130'C, as a liquid phase forms,
mined by the balance of a dispersion attraction between ad- diffusion is so fast that creep is controlled by interface reac-

tions, as described in Eq. (3). The above picture is consistent
*Although CuO was added initially, the more stable state of Cu at hi h with our observations in the following ways.

temperatures (above 100 0 C) in air is Cu' (Ref, 29). This was confirmed y (1) The stress exponent should remain the same but
the ESCA analysis in the sintered materials, the grain size exponent should decrease by one as the mecha-

nism changes from Eq. (1) to (2), which was exactly the case
10 with 2Y-TZP and CuO-containing 2Y-TZP below the eutectic

10 Y-TZP 0 Present temperature.
40MPa, 0.33pm 0 Wakai [2] (2) The stress exponent should increase and the grain

1 010 Oudlos (51 size exponent should decrease as the mechanism changes
A N[6] from Eq. (2) to (3), which was exactly the case with CuO-=" Kellen (7I

W+ Okamoto (31] containing 2Y-TZP when the eutectic temperature was crossed.
w10 (3) The diffusion-controlled, grain-boundary-phase-
g enhanced creep should depend on the amount of the

1 grain-boundary phase, while the interface-controlled, liquid-
Z enhanced creep should not, which was exactly the case

observed below and above 1130'C in our experiment,
S10 respectively.

(4) Whether it is diffusion control or interface control is
dependent on the rates of the two mechanisms. The slower

10 6 one should be the controlling mechanism. Therefore, the
5.0 5 5 6 0 6'5 7'0 7 5 80 Arrhenius plot of the strain rate should have a concave down-

1 04 /T (*K) ward curvature giving a lower activation energy at higher
temperatures, which was exactly the case observed below and

Fig. 12. Comparison of temperature dependence of above 1130'C in our experiment.
strain rate of 3Y-TZP from Refs. 2, 5-7, and 31 with Further interpretation of the data of activation energies is
2Y-TZP (this study) at a reference stress of 40 MPa
and a reference grain size of 0.33 Am. Except for difficult at this time for the following reasons. First, even if
Ref. 6, all tests were performed in air. Coble creep operated in 2Y-TZP, superplasticity would likely
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Table 11. Summary of Parameters in the Constitutive Equation for Superplasticity (i = Aa"d - P exp[-Q/kT])
Material Grain-boundary phase n Q (kJ/mol) p A

2Y-TZP None 1.5 ± 0.15 630 2.70 ± 0.2
2Y-TZP/0.3% CuO (below 1130°C) Amorphous solid 1.3 ± 0.1 445 1.64 ± 0.15 Proportional to %CuO
2Y-TZP/0.3% CuO (above 1130*C) Liquid 2.0 ± 0.1 416 1.23 ± 0.1 Independent of %CuO

involve grain-boundary migration which could be controlled 10C. K. Yoon and I-W. Chen, "Superplastic Flow of Mullite-Zirconia
by short-range lattice diffusion if solute segregation occurred. Composites"; to be published in Advances in Ceramics.

e Superalloys; p. 16.5 in Metal Handbook, desk edition. Edited by
(Direct evidence of solute segregation in a wide range of te- H.E. Boyer and T. L. Gall. American Society for Metals, Metals Park, OH,
tragonal zirconia has been reported by our group recently.)39' 1985.
The relatively high activation energy of 630 kJ/mol in 2Y-TZP "2Properties of Molybdenum; p. 1216 in Metal Handbook, Vol. 1. Edited

was probably a result of the above. Second, activation energy by T. Lyman. American Society for Metals, Metals Park, OH, 1961.
in q lf3W. H. Rhodes, "Agglomerate and Particle Size Effects on Sinteringin Eq. (2) involves both diffusivity and solubility; thus the ac- Yttria-Stabilized Zirconia,". Am. Ceram. Soc, 64 (1] 19-22 (1981).

tivation energy of 445 kJ/mol below the eutectic temperature 14W. D. Kingery, "Densification During Sintering in the Presence of a
cannot be attributed to a single process. Third, activation en- Liquid Phase, I. Theory,"). Appl. Phys., 30 (3] 301-306 (1959).
ergy of the interface process is not well documented; thus it is 15R. M. German, Liquid Phase Sintering. Plenum Press, New York, 1985.

1. A. Aksay, "Microstructure Control Through Colloidal Consolidation";
difficult to judge whether or not the activation energy of pp. 94-104 in Advances in Ceramics, Vol. 9, Forming of Ceramics. Edited
416 kJ/mol above the eutectic temperature was reasonable. by J. A. Mangels and G. L. Messing. American Ceramic Society, Columbus,

OH, 1984.

V. Conclusions I'M. F. Yan, "Effects of Physical, Chemical, and Kinetic Factors on Ce-
ramic Sintering"; p. 21 in Advances in Ceramics, Vol. 21, Ceramic Powder

(1) The addition of CuO enhances both densification Science. Edited by G. L. Messing, K. S. Mazdiyasni, J.W. McCauley, and
R. A. Haber. American Ceramic Society, Westerville, OH, 1987.

and grain growth because of the formation of a liquid phase. a"A. Tsuge, K. Nishida, and M. Komatsu, "Effect of Crystallizing the
The liquid-forming temperature is consistent with the eutec- Grain-Boundary Phase on the High-Temperature Strength of Hot-Pressed
tic temperature, 1130°C, in the system Cu 2O/CuO-ZrO2. Di- Si3N, Containing 1203," J. Am. Ceram. Soc., 58 [7-8] 323-26 (1975).
rect evidence of the grain-boundary phase is provided by 19C. F. Chen and T.Y. Tien. "High-Temperature Mechanical Properties of

SiALON Ceramics: Microstructural Effect," Ceram. Eng. Sci Proc., 3 (7-8]
TEM and ESCA analyses. The grain-boundary phase con- 778-95 (1987).
tains Cu", Y", Zr", and O2+, and it apparently wets the 2R. Raj and C.K. Chyung, "Solution-Precipitation Creep in Glass Ce-
grain boundary. ramics," Acta MetalU., 29 [1] 159-66 (1981).

(2) The addition of a suitable, low-melting, grain- "J-G. Wang and R. Raj, "Mechanism of Superplastic Flow in a Fine-
is an effective means to facilitate super- Grained Ceramic Containing Some Liquid Phase," .. Am. Ceram. Soc., 67 [6]boundary phase i399-409 (1984).

plasticity. In 2Y-TZP it has resulted in a substantial decrease "D.W. Durney, "Solution-Transfer, an Important Geological Deformation

in the flow stress, activation energy, and grain size exponent, Mechanism," Nature (London), 235 [2] 315-17 (1972).
while retaining damage tolerance, hardness, and toughness. 2G. M. Pharr and M. F. Ashby, "On Creep Enhanced by a Liquid Phase,"
Based on the present results, it 1s suggested that superplasticity Acta Metall., 31 (1] 129-38 (1983).24R. Sheikh and G. M. Pharr, "Further Observations on Creep Enhanced
below 1200'C and 50 MPa can be easily achieved in Y-TZP. by a Liquid Phase in Porous Potassium Chloride," Acta Meta., 33(2] 231-38

(3) A transition in superplastic flow behavior occurs in (1985).
the vicinity of the eutectic temperature. Decreases in strain 25G. M. Pharr, P. S. Godavarti, and B. L. Vaandrager, "Effects of Wetting

on the Compression Creep Behavior of Metals Containing Low Meltingrate sensitivity, activation energy, and grain size exponent Intergranular Phases,"J. Mater. Sc!., 24, 784-792 (1989).
have been observed as the grain-boundary liquid phase 26R. L. Coble, "A Model for Boundary Diffusion Controlled Creep in Poly-
formed. Cable creep, grain-boundary-phase-enhanced diffu- crystalline Materials," J App!. Pfy., 34 (6] 1679-84 (1963).
sional creep, and liquid-enhanced interface creep are pro- 2R. A. Stocker and M.F. Ashby, "On the Rheology of the Upper

posed as the dominant deformation mechanisms in 2Y-TZP Mantle," Reu Geophe. Space Phys., 11, 391-426 (1973).
28E. H. Rutter, "The Kinetics of Rock Deformation by Pressure Solution,"

and in CuO-containing 2Y-TZP below and above the eutectic Philm. Trans. R. Soc. London. A, 233, 203-19 (1976).
temperature, respectively. 2J. W. Cahn, "Theory of Crystal Growth and Interface Motion in Crys-

talline Materials," Aca Metal., 3(8] 554-62 (1960).Acknowledgment: We are grateful to Mr. S. L. Hwang for the TEM mA. M. M. Gadalla and J. White, p. 33 in Phase Diagram for Ceramics,
and ESCA analyses 1969 Supplement. Edited by E. M. Levin, C. R. Robbins, and H. F. McMur-

die. American Ceramic Society, Columbus, OH; Figs. 2145 and 2146.
31Y. Okomoto, J. leuji, Y. Yamada, K. Hayashi, and T. Nishikawa, "Creep
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SHEAR THICKENING CREEP IN

SUPERPLASTIC SILICON NITRIDEt

I-Wei Chen and Shyh-Lung Hwang

Department of Materials Science and Engineering
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Ann Arbor, MI 48109-2136

ABSTRACT

A novel shear thickening phenomenon has been observed in superplastic silicon ititrides

compression tested between 1500 and 1600'C. Liquid enhanced creep of sialons undergoes a

transition from Newtonian behavior to shear-thickening behavior at a characteristic stress, with the

strain rate sensitivity increasing from unity to around two. The transition stress is always around

20 MPa even though the Newtonian flow stress is very sensitive to temperature, grain size, and

phase compositon. Rheopexic hysteresis, manifested as a slow stress relaxation to a steady state

value after a strain rate decrease, was also observed in the shear thickening regime. We attribute

the cause for shear thickening to a repulsive force between initially wetted sialon grains, which

form a "dry" and "rigid" bridge in between when pressed above a characteristic stress, possibly

due to the contact of the residue Stern layers on the opposing grain/liquid interfaces. A

micromechanical model, which takes into account the stress variation among differently oriented

grain boundaries, has been formulated to assess the effect of "rigid" grain boundaries. A continual

stochastic rearrangement of grain configurations and a relatively thick Stem layer are suggested as

the necessary pre-requisites for shear thickening in liquid enhanced creep.

t Supported by U.S. Air Force Office of Scientific Research under Grant No. 87-0289.

Key Words: Silicon nitride, creep, superplastic, grain boundary, glass



I. INTRODUCTION

Creep including superplastic flow of ceramic materials and metals is commonly described by a

power law

S= a a (1)

where i is the creep rate, a is the flow stress, ac is a material constant, and n is a non-dimensional

material constant. When the creep mechanism is that of diffusional plating of grain boundaries,

n equal to one is often found and such flow behavior is formally analogous to Newtonian flow in

fluid mechanics. On the other hand, a higher n value can arise when deformation is at least

partially attributed to dislocations or cavitation, or is somehow limited by interface reactions. A

stress exponent iower than unity has never been reported in these materials to the best of our

knowledge.[1-2

Deformation of slurries, colloids, and polymeric liquids can be similarly described by Eq (1).

However, both n > 1 and n < I are commonly observed depending on the materials. Expressed in

terms of viscosity, il = a/, shear thinning corresponds to n > 1 for a decreasing viscosity at a

higher strain rate, while shear thickening corresponds to n < 1 for an increasing viscosity at a

higher strain rate.[3] Quantitative models have been proposed for shear thickening in polymeric

melts, drawing on the special features of molecular configurations that evolve with shear rate.[4-5]

In colloids it has also been linked to either the formation of an extended gel-like superstructure

between particles[6-7] or to the breakdown of easy-slip patterns.[ 8-91 On the other hand, shear

thickening in slurries and granular materials, such as wet sand and soil, is generally attributed to

dilatant flow involving particles rolling over each other with dewetted liquid trapped in

intersticies.[ 10-1 1] In the latter two classes of materials (colloids and slurries), rheological studies

are mostly limited to solid volume fractions of no more than 75%.
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Superplastic sialons of very fine microstructures which exhibit tensile ductilities in excess of

several hundred percent have been recently discovered.[ 121 Sialons are solid solutions based

on Si3N4. When the tetrahedral Si-N network is modified by substitution of Al for Si and 0

for N, 13'-sialon isomorphic with 13-Si 3N4 forms with a general formula of Si6.xAlxOxN8.x.[ 13]

When additional metal ion interstitials are added to the network, the formula is altered to

become Mz/nSi6.x.zAlx+2OxN8-x, and the crystalline structure is converted to one isomorphic with

a-Si 3N4. This is termed a'-sialon.[ 141 In most cases, some amount of glassy phase ranging from

5 to 20 vol% coexists with at' and P' sialons.[ 15] It is in this class of ceramics that we have

observed a novel Newtonian to shear thickening transition which occurs at a characteristic stress,

ca. 20 MPa in compression between 1500 and 1600C. The main experimental observation of this

highly unusual phenomenon is reported in the present paper along with a theoretical model that

rationalizes the transition. Further details of the materials development, their microstructures and

their constitutive behavior will be reported elsewhere.[151

II. EXPERIMENTAL

2.1 Materials

Sialons used in this study were prepared by mixing proper amounts of Si3N4 , AIN, A120 3

and Y20 3 powders. The starting powders were very fine and, in the case of Si3N4, contain a very

high a phase content. They were attrition milled in isopropol alcohol for 2 h with porcelin or high

purity alumina milling media. The milled slurry was stirred and dried under heat to obtain a

uniform powder mixture. Fully dense ceramic blanks were then prepared by hot pressing under

28 MPa for 20 min. at 1550'C using a graphite die operating in nitrogen. Some materials were

also hot pressed or annealed for a longer time in an attempt to vary the microstructure. The phase

compositions were analyzed by x-ray diffraction. For a summary of the preparation conditions and

the phase assemblage, see Table 1, in which the materials designation will be used in the rest of

this paper. Finally, some typical micrographs of the microstructure are shown in Fig. 1. Note that
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in the micrograph to the right, grains almost always overlap because of their very small sizes

compared to the thickness of the TEM sample. Additional information on the processing,

microstructure, and phase equilibrium will be reported Isewhere.j 15]

22 Testing

Specimens for compression tests were cut from blanks and ground into 3 mm x 3 mm x 6 mm

bars. Other dimensions and height-to-width ratios were also tested to evaluate the effect of friction

on compression experiments. The specimens were placed between two SiC plattens. A piece of

graphite foil was inserted between the specimen and the platten to further reduce friction. Testing

was conducted in a vacuum furnace, with tungsten mesh heating elements, between 1500'C and

1575'C in high purity nitrogen. The load frame used was an MTS operated under servohydraulic

control to provide a constant true strain rate during the compression test. In general, a test was

terminated after reaching a true strain of -0.5. Under the above operating conditions, we found

little barrelling of the specimen after testing. In addition, the flow stress was independent of the

height-to-width ratio used when the latter exceeded 2. Thus, friction was probably negligible in

these experiments.

III. RESULTS

A typical set of stress-strain curves at various strain rates in compression is shown in Fig. 2.

All data shown here and below are in true stress, true strain, and true strain rate. Except at the

lower strain rates, the flow stress is essentially constant over a large range of strain. Thus, a

steady state is no doubt reached in those cases. The strain hardening observed at the lower strain

rates is a result of mirostructural coarsening. Such a phenomenon is common among fine-grained

materials that deform via diffusional creep, superplasticity, or solutional reprecipitation creep,

which is believed to be operational here. The initial transient reflects some elastic deformation of

the specimen, the compliance of the loading train, and mostly plastic deformation during the
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evolution of the initial microstructure, The nominal strain of the transient varies from 3 to 15%

increasing with strain rate.

Comparing the flow stresses at the four strain rates in Fig. 2 at the same amount of time, say

500 s after the start of deformation, we find that the ratio of the two lowest flow stresses (2.0) is

the same as that of the corresponding strain rates, but the ratio of the two highest flow stresses

(1.9) is much higher than that of the corresponding strain rates (1.4). In rheological terms, then,

deformation at the two lower strain rates is Newtonian, but deformation at the higher strain rates is

shear thickening. If the flow stress data are read at the same strain, say 0.15, then we still find

shear thickening at the higher strain rates, but shear thinning instead at the lower strain rates.

Data of flow stress and strain rate have been collected over a wide range of deformation

conditions for a large number of superplastic sialon materials. (In the case of continuous strain

hardc.ing, the flow stress data are ones obtained at 500 s after deformation. Otherwise, the steady

state flow stress data are used.) Some representative ones are shown in Fig. 3. The data shown in

this figure were obtained at one test temperature, 1550*C, and are expressed in stress versus strain

rate, both in logarithmic scale. They all have a rather abrupt change in the slope, which is the same

as the reciprocal stress exponent, 1/n (also commonly termed strain rate sensitivity, m,
alnom = - , especially in the superplasticity literature). It has a value of unity below the transition

transition stress, and greater than unity above that. This corresponds to n = I below the transition

and n - 0.5 above the transition. It is important to note that, despite the wide range of strain rate

covered, the transition stress always lies near 20 MPa. Data of one material at different

temperatures from 1500 to 1575'C are shown in Fig. 4. A similar transition, occurring at

approximately the same stress, is seen in ev .ry case. Moreover, the slopes at below and above the

transition are the same as those found in Fig. 3. In short, flow in uniaxial compression at stresses

higher than the transition stress, now termed o*, is much more sensitive to strain rate compared to

Newtonian flow, requiring a much higher flow stress.
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Transient deformation experiments involving a rate increase or rate decrease have also been

performed. The rate increase in equal increments was programmed to occur at equal strain

incremrits up to a maximum strain rate and then similarly decreased again to zero. The recorded

flow stress just prior to the step increase/decrease is shown as a data point in Fig. 5, and the

trajectory that connects all the data points forms a stress-strain-rate loop. In this plot we found a

hysteresis (in the counter-clockwise sense) in the shear-thickening regime, which is absent in the

Newtonian regime. The latter hysteresis indicates that, after a strain rate decrease, it requires

considerable time (strain) to fully relax the flow stress to the steady state value. Despite the

hysteresis, the transition is, nevertheless, reversible in either direction. This kind of transient,

termed rheopexy, is common among fluids which are shear thickening.[3 ,161 For shear-thinning

fluids, the loop is of the opposite nature (clockwise).[3, 161 (For solids undergoing dislocation

creep, a similar transient reflecting the evolution of internal stresses has also been observed, even

though n > 1 in this case.[17])

Lastly, we have tried, but failed, to verify a similar Newtonian shear thickening transition in

tensile deformation. Although very large elongation can be obtained at lower stresses in many

sialon materials studied here, none has a steady state tensile flow stress high enough in comparison

with compression deformation in the shear thickening regime. A more complete report of the

constitutive relation of superplastic flow of these sialons, along with microstructural studies, will

be provided elsewhere. 1 51

IV. A MODEL FOR NEWTONIAN-SHEAR THICKENING TRANSITION

Let us now summarize our observations regarding the Newtonian-shear thickening transition.

The transition occurs at a characteristic stress, of the order of 20 MPa, which is independent of

temperature and phase composition, The transition is reversible and strain independent, but has a

hysteresis in the shear thickening regime. Although the data are not presented here, we have

also found that creep in the Newtonian regime is grain size dependent, which is responsible
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for the strain hardening seen in Fig. 2 at the lowest strain rate.[ 15 Indeed, it must be operated by a

diffusion-related mechanism, such as diffusional creep (most likely enhanced by the liquid

phase) or solution/reprecipitation creep,[1 8 "22] in conjunction with grain boundary sliding,

rotation, and switching events which continually stimulate the evolution of the grain/grain

configurations to sustain large strain deformation. The latter are evidently needed for

steady-state superplastic flow.[ 231

We now formulate a continuum mechanics description to model the above transition. We first

postulate that, in the sialon materials, a micromechanical transition from a deformable Newtonian

state to a non-deformable rigid state can occur within isolated volume elements at stresses above

a*. Let the volume fraction of the rigid state "phase" be vf, and the creep rate of the Newtonian

state phase be io, then

o0/I1 (2)

where 'n is an apparent viscosity which is dependent on temperature, grain size, phase

composition, and liquid content. The creep rate of the "composite" of the two "phases" is given by

= (1-vf) 2.5 io (3)

In the above, the result of a recent study by Yoon and Chen on a superplastic flow of a two-phase

composite containing rigid inclusions in a soft matrix was used to obtain the prefactor on the right

hand side.[24] If we further envision that vf increases with stress above a*, then the transition

from Newtonian flow to shear thickening flow can be rationalized.

To develop the model further, we next associate the unit of volume element to a small region

containing one grain boundary only. We also propose that, when the normal pressure on the grain

boundary exceeds a certain critical stress crc, the associated volume element becomes rigid. Thus,

the volume fraction of the rigid "phase" vf is simply the fraction of grain boundaries that support a

normal pressure in excess of yc.
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The average normal pressure on grain boundaries can be estimated approximately using a two-

dimensional picture. Grain boundaries are pictured, as in Fig. 6, to be randomly oriented spatially,

but with a locally equilibriated configuration containing segments intersecting at 1200 with each

other. The average normal pressure on any such boundary of any orientation can be computed

approximately by referring to a periodic array of hexagonal grains of the same orientation. This

seems to be a reasonable approximation which, in effect, replaces the actual boundary condition by

a periodic one at some distance from the grain boundary of interest. As shown in the Appendix,

the average normal pressure a thus computed may be represented as

(+cos 2(4)

where 0 is the angle between grain boundary normal and the external stress direction. It should be

noted that the maximum normal pressure occurs at 0 = 0, where Y = 1.5 C. For 90* >_ 0 > 600, a

negative normal pressure, i.e. tension, should prevail. In the following, we will assume that the

above stress estimate for hexagonal grains is also applicable in the three-dimensional case for

evaluating rigid grain boundaries.

As the applied stress in uniaxial compression increases to reach 2oc, grain boundaries which

are normal to the stress axis (0 = 0) first become rigid. As the stress increases further, some grain

boundaries with a non-zero 0 angle also become rigid. The fraction of such rigid grain boundaries

is found by evaluating the solid angle of all the boundaries in three dimensions up to an azimuthal

angle 0 from the pole, normalized by 4n

Vf= _L (02 2i0 d0do a -cc (5)

In the above, the factor 2 in the integrand is introduced to account for symmetry (between 0 and

1800 - 0), and the upper integration limit for 0 is set to coincide with a = ac. Evaluating the

integration and after some trigonometric manipulation, we obtain
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f 4 2a (ajac) (6)

Note that vf is always no higher than 0.5 since grain boundaries with 900 -: 0 >- 600 are not in

compression. Combining Eq (6) and Eq (3), this yields, finally, the strain rate

(< 3 0c)

(7)I ( c+c)1.25 2 (anac) j
The above results are plotted in Fig. 7 in log a - log i to compare with the experimental data shown

in Figs. 3 and 4. If we identify a* with 2 ac, then the shape of the predicted a-i plot, including its

slope in the two regimes, is similar to the one observed. The reason that the predicted transition

looks sharper is because we have assumed an abrupt transition at the critical stress cc. It could

have been smoothed out by allowing some distribution in grain size, grain shape, etc. Overall,

then, the mechanical model seems to capture the basic characteristics of the Newtonian/shear

thickening transition.

The physical origin of the critical stress, ac, which is responsible locally for the transition,

remains to be identified. This will be discussed in the next section.

V. DISCUSSION

5.1 Grain/Liquid/Grain Interaction

It is now well-known that almost all grain boundaries in silicon nitrides and sialons are wetted

by a thin glassy phase.[251 Clarke has argued that an equilibrium thickness (denoted as Ao) of this

phase should be maintained because the van der Waal attraction between grains is counterbalanced

by a repulsive interaction due to the structure of the liquid.[26] His model predicts an interaction
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potential similar to that given by the Dejaguin-Landau-Verwey-Overbeek (DLVO) theory of

colloidal stability where a balance is maintained between attractive van der Waal forces and

repulsive electrostatic forces.[271 Plotting this potential as a function of grain/grain separation, h, a

primary minimum at small h with a very high potential barrier outside and a shallow secondary

minimum further beyond that is the common feature predicted by this model. Thus, a stress-free

grain boundary should maintain an intergranular glassy phase of an equilibrium thickness A0 ,

located at the secondary minimum, while a stressed grain boundary will become slightly depressed

toward the potential barrier but otherwise able to support a normal pressure, provided the potential

barrier outside the primary minimum is not exceeded.

Our experimental results are consistent with the idea that a repulsive force between grains

exists: at pressures above ac, grain boundaries seem to be able to support a large normal pressure

without much further deformation. On the other hand, since the Newtonian/shear thickening

transition is reversible, it may be further concluded that the potential barnier is quite high, enough

to support several hundred MPa's as seen from Figs. 2-3 so that the primary minimum where

reversibility would have been lost is not accessible in our experiments.

One unsatisfactory aspect of the above model is that it leaves the significance of oc, and the

appearance of a sharp transition stress a*, unclarified. In our opinion, this can be readily

improved by incorporating the concept of a Stern layer at the liquid/grain interface, again in

analogy to the theory of colloidal stability.[27I As shown in Fig. 8, if a Stem layer of compactly

pckd liquid molecules forms on the interface, then the grain/grain interaction given by Clarke's

model is truncated at twice the distance of one Stern layer thickness 2As , and the grain to grain

distance should be limited to the same. For the same potential between "bare" grains, the truncated

potential at 2As decreases with increasing As. Using the above picture, we interpret that, in the

sialon ceramics studied here, the Stem layer is sufficiently thick to render only a relatively low

repulsion remaining at A0 > h > 2As. Thus, the flow behavior is virtually unaffected by the

grain/liquid/grain interaction until the normal pressure is sufficient to squeeze out the liquid so that

only the Stern layers remain. This would occur at a* = 20 MPa, or through our model which
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established its relation to ac, at a repulsive force of 30 MPa or so. The latter stress is then the

repulsion at h = 2As in the sialon system. In view of the compactness of the Stern layer structure

compared to a normal liquid, we further suggest that, at stresses above ac, with the grain boundary

liquid entirely squeezed out except for the Stem layers, both grain boundary sliding and grain

boundary diffusion would be much retarded. It is in this sense that the grain boundary has become

"rigid" and "dry," and the micromechanical transition envisioned in Section IV is realized.

A rough calculation is now made to estimate the critical stress oc using Clarke's model. At t

distance greater than 2As, the normal stress between grains separated by a liquid can be expressed

as

F= H .1.6x10 9 (J/m2) 12exp-h.) (8)6nh3.  4

(At a distance smaller than 2As, the Stem layers are in touch and we expect the repulsion to

increase rapidly beyond that given by Eq (8).) In the above, H is the Hamaker constant, rk, is the

ordering parameter (o < r% < 1), and 4 is the correlation length for the liquid. Following Clarke,

we choose 4 = 0.3 nm which is the molecular size of the SiO4 tetrahedral unit representative of the

Lwain boundary liquid, and H = 7.6 x 10-20 J for (Si3N4)s - (Si0 2)l - (Si3N4)s solid-liquid-solid

combination. If we further assume that the thickness of the Stem layer is the same as 4, then the

estimated stress at h = 2As = 24 is 35 MPa (for i1o = 0.5), which is very close, perhaps

fortuitously, to our measured ac value of 30 MPa.

5.2 Shear Thickening Models and Observations

Several other interpretations of shear thickening phenomenon in slurries, colloids and

molecular melts or solutions were mentioned in the Introduction. The models proposed for

polymeric melts and solutions[ 3-5,28-29] envision flow-induced association, entanglement, or

crystallization of molecules, due to enhanced collisions, chain alignment, or chain stretching.

These ideas are quite specific to polymeric molecular structures and generally not applicable to the
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other cases, although the notion that two or more molecules can form "quasi-aggregates"[30 31]

which have ;t higher viscosity than the unassociated polymeric solutions is certainly analogous to

our micromechanical picture of "rigid" inclusions. The idea of network formation under enhanced

collision kinetics can be extended to colloids in which a gel-like behavior with some dilatancy prior

to a steep viscosity increase has been observed.[3] In this case, the initial state contains colloidal

particles that are separated by repulsion which, under the flow action, are brought into contact

(i.e., falling into the primary minimum). Such a gel-like transition, however, is often irreversible,

as manifested by a permanent increase in the sedimentation volume. This is in contrast to the

reversible transition described in the previous section. It has also been established for colloids

that, under a shear stress, colloidal particles are organized into closely packed layers by

hydrodynamic action to minimize the resistance to shear, in a manner not unlike the slip pattern in

crystalline solids.[8 "9] At a certain shear stress, flow instability occurs when particles fall in

between layers, resulting in a flow "jam" and a rapid increase of viscosity. This instability stress

has been found to be highly sensitive to the size and volume fraction of the particles, as well as

their size and shape distribution.[ 8] This latter feature is contradictory to our observation of a

constant characteristic stress at the transition.

Besides the above interpretations, there is the classical model for shear thickening based on the

observation in sand and soil. Essentially, in a closely packed slurry, such as wet sand, particle

rolling will inevitably cause a volumetric dilation that draws in liquid, as originally commented on

by Reynolds.[ 10 1 If there is just enough liquid present initially to wet all the closely packed

particles, any disturbance of this configuration is likely to generate some open pores. The shear-

thickening transition may then be associated with the liquid break-up (i.e., cavitation) that produces

locallized dewetted regions adjacent to liquid-filled pores, with local drying being responsible for

the increase in flow resistance. I1] Such a transition is expected to be dictated by the capillarity

force of the pores which must scale, by similitude, with reciprocal particle size. This prediction is

again contradictory to our observation of a constant transition stress over the varied microstructural

length scales investigated. We should acknowledge, of course, that our model also envisions a
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liquid redistribution and some "drying" (albeit with the Stern layef" remaining) even though no

actual dewetting/cavitation is expected.

Finally, it should be emphasized that shear-thickening reported for the above systems were all

obtained at a much higher strain rate, a much lower particle fraction, a much larger particle size

(except perhaps in polymeric solutions), a much lower temperature, and probably with little shape

accommodation of the particle itself by elastic-plastic deformation or diffusion.[3,9 ,161 This

distinction makes the present observation rather unique among the large variety of shear-thickeiing

reports found in the literature. In this respect, it is not surprising to find these previous models

inconsistent with our observation.

5.3 Concumnt and Competing Flow Mechanisms

The flow phenomena described in this work occurred in steady-state deformation at large

strains. A continual evolution of grain/grain configurations and the interchange of mechanical

states are essential for any large strain, steady-state, two-phase flow process, especially if one of

the constituent phases is non-deformable. Thus, the grain boundaries which become rigid do so

only for a certain time, and they are eventually relieved from pressure and separated; meanwhile,

grains at other locations are compressed to become rigid. Presumably, the-,, changes a -e driven by

stochastic grain boundary sliding and grain rotation events.[32] Withoilt this evolution and

interchange of states, grains subject to a high normal pressure would have )een locked and the

creep process would have been stopped. Indeed, such an exhausting creep process involving

depletion of a viscous liquid on highly pressed grain boundaries has been recently described by

several investigators.[33-341 If maximal strains before exhaustion in such a process are of the order

of the liquid fraction, which is much less than the superplastic -train achieved in our

experiments, it is clear that shear-thickening is not directly related to thi latter mechanism.

On the other hand, the transient behavior described in Section III, which is probably due to the

squeezing out or replenishing of the liquid as the compressed grain boundaries adjust their liquid

thickness between A0 and 2As, can be understood using similar viscous flow models.[33 351
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While superplastic sialons may not be the only ceramics which exhibit a shear-thickening

transition, such a transition could be masked by other concurrent mechanisms operating in creep.

For example, creep deformation of ceramics is frequently interrrupted by cavitation at grain

boundaries, even in compression, due to the tensile stress concentration at triple points where

incompatibility from grain boundary sliding is most severe.[36] In silicon nitride, for example, a

cavitation-related transition from n = 1 to n = 2 has been reporied.[ 37 Similar observations

in glass ceramics are also well-documented. [38] Such a transition is of the opposite type of

shear-thickening transition and can obscure the latter if occurring at the same time. Since the

magnitude of the local tensile stress rises with the grain size in diffusional creep and the like

(superplasticity and liquid enhanced dissolution/reprecipitaticn), a fine-grained microstructure

which has a higher ductility and lower flow stress is probably needed for avoiding cavitation

and for observing shear-thickening in ceramics. Shear-thickening transitions in certain

systems may also be unimportant if the transition stress is too high. For example, if our

proposed model proves correct, then the structure and thickness of the liquid absorption on the

grain/liquid interface will dictate the transition stress, which could vary over several orders of

magnitude in different systems because of the short-ranged nature of the repulsion at the

scale of the coherent length.[ 261 While further studies are required to provide a better

understanding of this aspect, it seems noteworthy that shear-thickening was not observed in

other superplastic ceramics (zirconia,[ 12,18 2 4] alumina,[ 12,39] mullite,[40] and glass ceramics[20]).

If so, it may well be a unique flow behavior of sialons.
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APPENDIX

Average Normal Stress on an Inclined Grain Boundary

The average normal stress on any inclined grain boundary in a periodic hexagonal array can be

obtained from equilibrium consideration, provided no shear traction is transmitted by grain

boundaries. Consider the periodic array shown in Fig. A l and draw the free-body diagram as

outlined by the dashed lines and the two adjacent grain boundaries. The average normal stresses

on the two grain boundaries are denoted by ai and 52. Their force balance in the applied stress

direction gives

al cos 0 + a2 cos (60 0 + 0) = a (cos 0 + cos (60 ° + 0)) (Al)

Similarly, force balance in the orthorgonal direction, where there is no external stress, gives

al sin 0 +2 sin (600+0) =0 (A2)

Solving the above set of simultaneous equations and simplifying the solution by trigonometric

manipulation, we obtain the following result

i1/a = 12 + cos 20 (A3)

and

02/ 1 =- sin 0/sin (60o+0) (A4)

Of course, Eq (A4) can be shown to be the same as Eq (A3) following a transformation from 0 to

600 + 0. Thus, only Eq (A3) is quoted in the text as Eq (4).

The above solution is exact and independent of the actual mechanism of deformation operating

in the material. The assumption of zero boundary shear traction is reasonable as long as grain

boundary sliding is not impeded.
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TABLE 1: COMPOSITONS*, HEAT TREATMENTS, AND

PHASE ASSEMBLAGES OF SIALONS

Desigflation** SihN AIN A1203 Y203  Phase Assemblage

S0610 83.73 7.77 3.73 3.70 30% a' + 70% j'

H0610 83.73 7.77 3.73 3.70 100% 3'

S1510 73.71 15.42 1.01 8.91 90% (a + a') + 10% 3' + YAG

H1510 73.71 15.42 1.01 8.91 >95% a'+ YAG

$1010 79.19 11.24 2.50 6.06 60% (a + a') + 40% 3' + YAG

S1025 68.50 14.69 10.70 6.09 35% (a + a') + 65% 13' + YAG

S0633 65.73 13.13 16.56 3.73 >95% 13'+ YAG

* Composition expressed in wt%

** S-Hot pressed at 1550°C for 20 min.
H-Hot pressed at 1550 0C for 20 min. followed by annealing at 15501C for 100 min.
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FIGURE CAPTIONS

Fig. 1. Microstructure of superplastic sialon S0610 (left SEM, right TEM).

Fig. 2. Compressive stress-strain curves at various strain rates of sialon S0610 at 15500C.

Fig. 3. Stress versus strain rate at 15500 C for several superplastic sialons in compression.

(m = slope =Ina

Fig. 4. Stress versus strain rate for S0610 sialon at various temperatures in compression.

m = slope =alhaI

Fig. 5. A transient stress-strain rate loop of S 1025 sialon tested at 1550*C in compression.

Fig. 6. A polycrystal with wetted grain boundaries at various orientations.

Fig. 7. Predicted stress-strain rate curve based on a two-phase model.

Fig. 8. Interaction between grains at a separation h, with two Stem layers on the grain/liquid
interfaces.

Fig. Al. A hexagonal grain in a periodic array loaded by a distant uniaxial tensile stress and
locally by normal stresses on the grain boundaries.
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Fig. 6. A polycrystal with wetted grain
boundaries at various orientations.
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V. PUNCH-STRETCHING-A BIAXIAL FORMABILITY TEST

The punch-stretching test is a standard sheet-metal formability test used in the metal industry.

'The adaptation of such a test to ceramics was attempted in the current research to provide a visually

apparent and mechanically demanding demonstration of the formability of superplastic ceramics.

In a typical test, the stretching strain is of the order of 100%, and the stress-state is biaxial tensile.

To complement the experimental work, a new analysis using a clamped shell model for the tests

was also obtained which recognized the importance of rate-sensitivity of the deformation

appropriate for superplastic forming. The analysis further provides a physically transparent and

quantitatively a Nuate estimate of the forming load which can be used for process optimization by

minimizing the fo.,'rring load. The initial success of this methodology was demonstrated with a

Y-TZP containing hquid additive (see Sec. 4.1) and is described in the following paper. The test

has also been succe:ssfully performed for other superplastic ceramics, as summarized graphically in

Sec. 2.1.
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Superplastlc Bulging of Fine-Grained Zirconla

Xn WU* and I-Wei Chen*
Department of Materials Science and Engineering, University of Michigan,

Ann Arbor, Michigan 48109-2136

A tetragonal zirconla containing 2 mol%Y20 3, with 0.3 mol% sion over a temperature range from 1000 to 1250'C and
Cu0 addition u a grain-boundary pha, was superplasti- found to be superplastic. At 1150°C, the constitutive equation
cally stretched at IIWC using a hemispherleal punch. Me- may be represented by
chanical analyses were performed to establish that a bliaxilal Y = /o (1)
teMile stressMrain state was achieved In the process with a where Yis the flow stress (MPa), i is the strain rate (s-), and
maximal strain of 05 in the thinned hemispherical shell. k = 2 x 1P MPa s". Further details of the processing,
The matlerial was damap tolerant up to a critical strain characterization, and mechanical properties have been re-
rats, approximately 10- 3 s-. [Key words: mechanical prop- ported elsewhere.'
erties, irconili yttria stabilized tetragonal polycrystals, For superplastic forming, circular disks of a thickness of
grain boundaries, plasticity.] 1 mm and a diameter of 32 mm were prepared by grinding

with diamond wheels. The surface roughness after grinding
1. Introduction was measured by a surface roughness analyzer, and found to

, UPnASTic forming of zirconia ceramics by forging, '2 di- be of the order of 1 Ism, primarily in the form of long grind-
irect and inverse extrusion,3 and bar and sheet bending' ing troughs and ridges. During forming, a disk was placed be-
has been reported by several groups. None of the above tween a hemispherical punch and a circular die, both made of
attempts was conducted under a biaxial tension. In the shell- hot-pressed SiC. The punch had a radius of 6 mm and the die
forming experiment reported by Carry and Mocellin,3 al- inner diameter was 15.875 mm with a rounded edge. The
though a hemispherical shape was obtained, it nevertheless edge of the disk was not clamped. After heating to 1150 or
involved mostly balanced compression and tension (i.e., pure 1200'C in air, the punch was advanced at a programmed
shear). Even the uniaxial tensile tests, widely reported by displacement-time profile actuated by a servohydraulic me-
many investigators, 7 are not as severe as the biaxial tensile chanical tester. Both constant displacement rate tests and
tests for the purpose of assessing formability.' In addition, the constant strain rate tests, to be described later, were per-
typical forming time was long (from 30 min to several hours), formed in this study. A typical experiment, forming a hat-
and the forming temperature was high (between 1300 and shaped article with a hemispherical dome, as shown in Fig. 1,
1500"C). For technological applications, it would be much was completed within 10 min. The object had excellent sur-
more desirable if biaxial forming at a higher speed and a face finish and showed no wrinkling at the rim.
lower temperature could be practiced. This would permit
more shaping flexibility, higher p 'oductivity, lower energy IlI Results and Discussion
consumption, and less capital and tooling costs. The work re- Load versus punch displacement curves for three runs are
ported here is a feasibility study of biaxial forming using te- shown in Fig. 2, for 1150 and 1200'C, and for the constant
tragonal zirconia polycrystals (TZP) expressly processed for punch speeds of 0.3 and 0.6 mm/min (corresponding to a
low-temperature superplasticity. total forming time of 20 and 10 min, respectively). The varia-

tion in the load can be qualitatively understood by the tem-
11. Experimental Procedures perature and strain rate dependence of the flow stress and

The TZP selected in this study has a base compositin of will be further analyzed later.
98 o% ZrO2 and 2 ol% Y203, which is a single-phase (te- For a direct measurement of strains in the deformed region,traZonal) fine-grain ceramic. To this composition, 0.3 molgp several sets of Knoop indentation marks of various orienta-

CuO was added to form a grain-boundary phase, which has a tions were made on the outer surface before forming. These
eutectic temperature estimated as 1130°C. The powders were marks had a length of a few micrometer and a spacing of
colloidally processed and sintered to full density at 1250*C. 250 pm. After forming, their locations were again measured
The grain size, taken as the linear intercept between grain from scanning electron microscopy (SEM) photographs and
boundaries multiplied by 1.5, was 0.35 pm. The grain- compared with the original sites. When combining these data
boundary phase was examined by electron spectroscopy for with the profile of the deformed shell, we can calculate all
chemical analysis (ESCA) and transmission electron mi- the strain components, including radial strain e, hoop strain
croscopy (TEM) and found to contain Cu', Y3 +, Zr", and EA thickness strain e,, and effective strain e,, which is
0 2- in a continuous amorphous layer of a thickness of 1 to [(2/3)(er' + E'4 + E2)]1'", These results are shown in Fig. 3.
2 nm. Deformation of this material was studied in compres- Two features of the strain distribution are notable. First, the

punch contact region has a higher strain than that outside.
Second, the maximum strain in the contact region is not lo-

R. Raj-contributing editor cated at the pole, but at 2 mm away from it. We also note that
the flange was not deformed appreciably, as evidenced by the
small decrease of the outer diameter after forming and its

Manuscript No. 198025. Received October 27, 1989; approved November nearly unchanged thickness.
27, 1989. These results can be rationalized by the following picture

Presented at 91st Annual Meeting of the American Ceramic Society, Indi-
anapolis, IN, April 23-27, 1989 (Basic Science Division, Paper No. 124-B- of the stress states, schematically depicted in Fig. 4. In the
89).

Supported by the U.S. Air Force Office of Scientific Research under
Grant No. 87-0289.
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Fig. 3. Distribution of strains e,, , . over radial
distance from pole.

the flange. It is now clear that in the present experiment,
large strain biaxial tensile stretching, in a way quite similar to
pressure bulging of a thin shell, has been achieved.

It is interesting to note that, although the present experi-
ment has a configuration similar to deep drawing, 0 in which
the flange is under a minimum constraint, its mechanics actu-
ally resemble more that of punch stretching," in which the
flange is clamped. In deep drawing, the thickness of the
flange remains the same, but its diameter decreases so that
the material is drawn inward toward the deepening wall;

F. 1. ZrO sample after forming at 1150C for meanwhile, the base is not deformed. Thus the wall is under
10 min, with a constant punch velocity of plane strain tension, but the flange is under plane strain
0.6 mm/min (shown in top and side view, with the shear.' In the present experiment, however, owing to the
punch). lack of strain hardening in the superplastic regime, the mate-

rial in contact with the punch, as well as the outer annulus in
contact region, the stresses on the shell include a normal pres. the dome, does not harden enough to transmit the requisite
sure from the die, a contact friction, and a biaxial tension in stress to draw in the flange. Rather, stretching and thinning
the shell. The above stress state causes a biaxial stretching of
the shell, which also thins simultaneously. The friction re-
duces the biaxial tension, thus reducing the deformation at Or
the pole. (This is commonly called the "friction hill" effect.')
Outside the contact region, the shell is deformed by a pro-
gressively smaller radial and hoop stress. Because of the lack
of the normal pressure, the strain rate is now much lower, and
a nearly stepwise drop in the strain rate is experienced at the 00
edge of the punch contact region. Further outward, the hoop
stress continues to decrease and eventually becomes com-
pressive. Such compressive stress is mechanically required to
support the net load of the punch. To be kinematically 08 Cyr
consistent, the hoop strain also becomes negative, made pos-
sible by the inward flow of the material from the region near

a 11SiCO.cimmn

0 1UOC,.sMWm/mL

ia

0 11

cr PE
0, 01 

0 er

r 
r

DISPLACEMENT (mm) contact

Fig. 2. Load-displacement curves for punch to punch
stretching at temperatures of 1150 and 1200*C,
and at punch speeds of 0.3 and 0.6 mm/min. Fig. 4. Schematic of stress-strain states in punch stretching.
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are confined to the dome region inside the die lip in a way 1s0 T.1130*C 10

similar to punch stretching even though no hold-down is ap- I1 .0
plied. 0 In this connection it is important to note that, just like 2. V 0.01mm/, P2 4- 1

punch stretching, the present test of biaxial tensile stretch- E

ing is much more severe than uniaxial tension.! Thus, the 1000 ,
large forming strains achieved by the present experiment is 411 -
most assuring from a practical viewpoint concerning sheet ce- W

ramic forming. hl 4 U

At higher displacement rates or lower temperatures, frac- 500
ture of the disk sometimes occurred when the punch displace- 2

ment approached the end displacement of 6.5 mm, as shown 2

in Fig. 2. To determine the maximum strain rate reached
prior to fracture, we have performed a simplified (upper 0 -4 0
bound) stress analysis assuming that the strain is uniform in 0 0' 400 go0

the entire bulged region. From geometry, it can be shown that TIME (soe)
the area of the bulge (A) is Fig. 6. Comparison of load and displacement in two

A - 21W( - cos P) + ir(a 2 - R2 sin2 p)/cos p (2) forming schedules: (1) constant punch spefd of
0.6 mm/min; (2) constant strain rate of 6 x 10, with

where R is the radius of the punch, a is the inner radius of the the same final shape at 10 min.
die, and P is the half angle subtended by the punch contact
to the center of the punch. The height of the dome (h) is rate can be programmed so that the average strain rate, given
given by by Eq. (6), is a constant throughout the experiment. In one

h - R(1 - cos p - sin P tan p) + a tan # (3) such displacement rate program, we used a constant strainrate of 6 x 10-4 s- for a total forming time of 10 min, which
Using the Tresca yield criterion, we find that the pressure re- is the same as the total time if a constant displacement rate of
quired to deform the shell (p) is 0.6 mm/min is used. The recorded load and displacement

curves of these two experiments are compared in Fig. 6. It is
p - 2Y In (1 + t/R) (4) clear that the peak load is lower in the constant strain rate

where t is the thickness of the shell. Then the total load on test than in t1,c constant displacement test. Also, fracture was
the punch (P) is never encountered in the constant strain rate test at 11500C

when the forming time was 10 min. Micrographic examina-
P = i'Rp sin2  (5) tions of these specimens revealed a much better surface qual-

where the friction component has been ignored. Lastly, the ity in all cases.

strain rate is given by Surface damages were examined using SEM and found to
accentuate at a distance of approximately 2 mm from the

- (dA/dP)(dP/dh)(dh/dt)/A (6) pole, in close agreement with the location of the maximum
radial strain shown in Fig. 3. In cases where indentation

where dh/dt is the punch velocity. The above equations can marks were made, crack opening was always observed regard.
be numerically evaluated to provide the load-displacement less of the orientation of the mark. This observation has pro-
curves and the strain rate-displacement curves. These are vided a further confirmation of the biaxial tensile nature of
shown in Fig. 5 for the deformation conditions given in the stresses in the contact region. Despite the opening, how.
Fig. 2. It is clear by comparing Figs. 2 and 5 that the pre- ever, the indentation cracks did not seem to propagate. In-
dicted load-displacement curves are quite satisfactory, repro- stead, the continuous grinding marks tended to cause more
ducing both qualitatively and quantitatively major features of severe cracking during forming and were responsible for shell
the experimental results. It is seen twat at a velocity of fracture when it did take place. Some examples of surface
0.6 mm/min, the strain rate has exceeded 10- 3 s- when h ex- cracking are shown in Fig. 7. These observations attest to the
ceeded 5.5 mm.

It is possible to avoid ,e strain rate maximum without
lengthening the forming time by using a higher displacement
rate initially and a lower one later. Indeed, the displacement

-' .0015
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li00, - Prvdotsd Lud
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0 1 1 7
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Fig. $. Predicted load-displaceLent curves and strain
rate-displacement curves for the experimental conditions Fig. 7. Surface cracking after forming at 1150C at 0.6 mm/min;
in Fi.2. The material flow properties taken from Hwang the sample was ground and marked by Knoop indentation before
and Chen.9 forming.
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log-imnsonsurface perturbations has been recognized in C. Carry and A. Macchlin, "Examples of Superplastic Forming Fine.
longdimesionGrained AIO and ZrO2 Ceramics!', pp. 1043-52 in High Tech Ceramics,

sheet-metal forming and analyzed previously."'~ We also Materials Science Monograph 38A. Edited by P. Vincenzini, Elsevier, Am-
found that when the surface was prepolished using 1-mm dia- sterdam, Netherlands, 1987.
mond paste before forming, the population of surface crack- 4 F. Wakai, S. Sakaguchi, K. Kanayama, H. Kato, and H. Onishi, 'Hot
ing was greatly reduced. Work of Yttria-Stabilized Tetragonal ZrO2 Polycrystals"; pp. 315-22 in Ce-g ramic Materials and Components for Engines. Edited by W. Bunk and H.

Hausner. Deutsch Keramiache Oescllschaft, 1986.
IV. Cncluion5F. Wakai, S. Saksguchi, and Y. Matsuro, "Superplasticity of Yttria-Stabi.IV. onclsionlized Tetragonal ZrOa Polycrystals,"Ad. Ceram. Moser., 1([3] 259-63 (1986).

We hve emostrted hatsuprplsti foringin iaxal 6F. Wakai and H. Kato, 'Superplusticity of TZP/AIO, Composite," Adu
havedemnstate tha suerpastc fomin inbiaial Ce ram. Mater., 3([1] 71-76 (1988).

tension to large strains can be achieved in a fine-grained te- 1T. G. Nieh, C. M. McNally, and J. Wadsworth, "Superplastic Properties of
tragonal zirconia, at 1150C, at a strain rate approaching a Fine-Grained Yttria-Stabilized Tetragonal Polycrystal of Zirconia," &ar.
10 s-1. Mechanical analyses have been applied to rationalize Metati., 22 (8] 1297-1300 (I98),

the bseved ormng oadstrin istrbuton nd dmags, 0. LeRoy and J.D. Embury, "The Utilization of Failure Maps to Corn-
the bsevedformng oad stain istibuion nd dmaes, pare the Fracture Modes Occurring in Aluminum Alloys"; pp. 183-207 in

and to suggest process modifications to improve formning con- Formability. Edited by S. S. Hecker, A. F. Ghosh, and H. C. Gezel. The
dition. Given the excellent formability of this material, we be- Metallurgical Society, NIME, New York, 1978.
lieve that superplastic forming now provides an attractive 9C. M. J. Hwang and I-W. Chen, 'Effect of a Liquid Phase of Superplastic.

altenitve fr nar-et-sapeforing f zrcoia cramcs. ity of 2 mol% Y3O,.Stabilized Tetragonal Zirconia Polycrystals"; to be pub.alten~iivefornea-ne-shpe frmig o zicona cramcs. lished In I Am. Ceram. Sac.
IOWA. Dackofen, Deformation Processing; pp. 162-68. Addison-Wesley,

Reading, MA, 1972.
Uffaces IZ. Marciniak and K. Kuczynski, 'Limit Strains in the Process of

1B. J. Kellett and F. F. Lango, 'Hot-Forging Characteristics of Fine- Stretch-Forming Sheet Metal," In. J. Mech. Sci., 9, 609-20 (1967).
Grained ZrO, and AIO,/ZrO3 Ceramics,".f Am. Ceram. Sac., 09[8] 172-73 11K. Neglo, E. Chater, and K.W. Neale, 'Effects of the Shape of a Geo-
(1966). metric Defect and of Interactions Between Defects of Limit Strains for Bi-

3P. Wakai, S. Sakaguchi, and H. Kato, "Compressive Deformation Proper- axially Stretched Sheets, " IJt. . Mech. S1., 29 (12] 807-20 (1987). a



V. PERSONNEL ASSOCLATED WITH THE RESEARCH

61 Prnuianal Peronnel

I-Wei Chen, Principal Investigator (1987-1991)

J.M. Huang, Research Fellow (1987-1989)

L.A. Xue, Senior Research Fellow (1989-1991)

6.2 Graduate Students

1-G. Lee, Masters Student (1987-1988)

X. Wu, Doctoral Student (1989-1991)

S.L. Hwang, Doctoral Student (1988-1991)

VII. PUBLICATIONS (in chronological order)

1. I.G. Lee and I-W. Chen, "Sintering and Grain Growth in Tetragonal and Cubic Zirconia,"
Sinteling '87. Proceedings of 4th International Symosium on Science and Technology of
Sinterin& November 4-7, 1987, Tokyo, Japan, Eds. S. Somiya, M. Shimada, M. Yoshimura
and R. Watanabe, 1, 340-345 (1988).

2. C.M. Hwang, T.Y. Tien and I-W. Chen, "Anisotropic Grain Growth During Final Stage
Sintering of Silicon Nitride Ceramics," Sintering '87. Proceedings of 4th International
Symposium on Science and Technology of Sintering, November 4-7, 1987, Tokyo, Japan,
Eds. S. Somiya, M. Shimada, M. Yoshimura and R. Watanabe, 2, 1034-1039 (1988).

3. X. Wu and I-W. Chen, "Superplastic Bulging of Fine-Grained Zirconia," J. of American
Ceramic Society, 73 [3] 146-9 (1990).

4. C.M. Hwang and I-W. Chen, "Effect of a Liquid Phase on Superplasticity of 2-mol% Y20 3-
Stabilized Tetragonal Zirconia Polycrystals," J. of American Ceramic Society, 73 [6] 1626-32
(1990).

5. I-W. Chen and L.A. Xue, "Development of Superplastic Structural Ceramics," J. of American
Ceramic Society, 73 [9] 2585-2609 (1990).

6. S.L. Hwang and I-W. Chen, "Grain Size Control of Tetragonal Zirconia Polycrystals Using
the Space Charge Concept," J. of American Ceramic Society, 73 [11] 3269-77(1990).

7. I-W. Chen, "Superplastic Ceramics," in Ceramic Powder III: Ceramic Transactions. V. 12.
Proceedings of 3rd International Symposium on the Science of Processing, Eds. E. Messing
and S-I. Hirano, American Ceramic Society, p. 607-17 (1990).

8. I-W. Chen, "Superplastic Ceramic Composites," in Advanced Composite Materials,
Ed. M. Sacks, Ceramic Transactions, 19, 695-706 (1991).

9. S-L. Hwang and I-W. Chen, "Shear Thickening Creep in Superplastic Silicon Nitride,"
accepted for publication in J. of American Ceramic Society (1991).

xv



VIII. PATENT

I-W. Chen and C.M. Hwang, "Method of Superplastically Deforming Zirconia Materials,"

approval by U.S. Patent Office expected in Spring, 1992.

xvi


